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Introduction 

Germline  mutations  in  the  neurofibromatosis  type  2  (NF2)  gene  predispose  to  tumors  of  multiple  types.  We 
have  identified  Hrs  (hepatocyte  growth  factor-regulated  tyrosine  kinase  substrate)  as  an  NF2  binding  pro¬ 
tein  using  the  yeast  two-hybrid  system.  In  previous  years  we  have  used  the  yeast  two-hybrid  and  in  vitro 
binding  assays  to  fine-map  the  binding  domains  in  Hrs  and  schwannomin.  This  was  followed  by  examining 
the  functional  interactions  of  the  two  proteins.  The  ultimate  goal  of  this  research  is  to  dissect  schwannomin- 
Hrs-STAM  interaction  and  to  understand  the  role  of  schwannomin  in  STAM-mediated  signaling  in  Jak/STAT 
pathways.  This  will  pave  the  way  for  the  identification  of  novel  drug  targets  for  the  treatment  of  patients  with 
NF2  and  for  patients  with  surgically  inaccessible  meningiomas  and  ependymomas. 


Body 

Specific  Aim  1:  Further  characterization  of  binding  domains  in  Hrs,  schwannomin,  and  STAM 


Taskl:  Months  1-12 

Task  2:  Months  6-18 
Task  3:  Months 
Task  4:  Months  18-24 


Fine-mapping  of  interacting  domains  in  Hrs  and  schwannomin.  Completed 
Analysis  of  STAM  -  schwannomin  interaction.  Completed 
Three  hybrid  assays  for  Hrs-STAM-schwannomin  interaction. 

Interaction  analysis  of  Hrs  isoforms.  Completed 


Task  5:  Months  28-24  Interaction  analysis  of  rat  isoform  Hrs-2.  Abandoned,  because  it  is  now 
known  that  the  previously  reported  cDNA  by  the  Scheller  group  contained  a  sequence  error. 
This  isoform  is  identical  to  our  isoform  1. 


Task  6:  Months  24-30  Isolation  of  human  Hrs-2  isoforms  Completed 


Specific  Aim  2:  Distribution  of  Hrs,  STAM  and  schwannomin  in  normal  cells  and  NF2  tumors 

Task  1 :  Months  6-1 2  Cellular  distribution  of  schwannomin  and  Hrs  in  normal  Schwann  cells, 

schwannomas,  meningiomas,  and  ependymomas.  Completed 

Task  2:  Months  12-18  Determination  of  colocalization  of  schwannomin,  Hrs,  and  STAM 

in  cell  lines.  Completed 

Task  3:  Months  18-30  Overexpression  of  Hrs  and/or  schwannomin  as  GFP/BFP  fusion  proteins. 
We  have  completed  these  studies  in  RT4  and  STS  cells,  but  will  now  use  NF2-  and  Hrs-deficient  cell 
lines  to  continue  these  studies. 


Specific  Aim  3:  Schwannomin  in  Hrs-mediated  signaling 

Task  1:  Months  1-12  Study  of  Hrs  proliferative  effects  of  Hrs  in  STS26T  cells.  Completed 

Task  2:  Months  12-24  Schwannomin  and  Hrs  overexpression  in  mouse  NF2  deficient  cell  lines. 

We  are  planning  to  finish  these  experiments  in  the  last  year  of  funding.  We  now  have  in  hand  human 
NF2-  deficient  schwannoma  cells,  Hrs-deficient  mouse  embryonic  fibroblasts,  and  A//2-deficient  mouse 
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embryonic  fibroblasts.  These  resources  will  permit  the  execution  of  unique  experiments  that  will  define 
the  roles  of  Hrs  and  NF2  expressed  as  single  molecules  or  in  combination. 

Task  3:  Months  12-24  Proliferative  effects  of  schwannomin  and  Hrs  fragments  bearing 

deletions  of  their  respective  binding  sites  including  STAM  binding  sites. 

Completed 

Task  4:  Months  1 8-36  Analysis  of  Jak/STAT  pathways  after  schwannomin  and  Hrs 

transfection.  Completed 

Task  5:  Months  24-36  Analysis  of  BAF-B03  cells  after  NF2  transfection  including  NF2 

constructs  bearing  deletions  or  missense  mutations. 

We  will  employ  the  established  model  by  Asao  et  al  (1997)  used  to  analyze  Hrs  and  STAM  function  after 
treatment  of  BAF-B03  cells  with  HGF,  and  GM-CSF.  We  will  monitor  proliferative  responses  after  introduction 
of  wildtype  schwannomin  instead  of  wildtype  Hrs  as  they  had  done. 

Key  Research  Accomplishments 

•  In  this  funding  cycle  we  determined  the  effects  of  Nf2  missense  mutations  on  schwannomin  interac¬ 
tions  (Scoles  et  al.,  2002a  appended). 

•  We  also  analyzed  how  the  NF2  tumor  suppressor  schwannomin  and  its  interacting  protein  HRS 
regulate  STAT  signaling  (Scoles  et  al.,  2002b,  appended ). 

•  Finally,  in  collaboration  with  Dr.  D.  Gutmann,  we  determined  that  NF2  likely  acts  upstream  of  Hrs  (Sun 
et  al.,  2002,  appended). 

•  We  have  generated  novel  cell  lines  that  express  NF2  and  Hrs  in  an  inducible  fashion. 

Reportable  outcomes 

Abstracts  published: 
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the  relationship  between  the  neurofibromatosis  2  (NF2)  tumor  suppressor  and  its  binding  partner,  hepatocyte  growth  fac¬ 
tor-regulated  tyrosine  kinase  substrate  (HRS/HGS).  Human  Molecular  Genetics  11(25),  Dec  1, 2002  (In  Press). 
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Individuals  with  neurofibromatosis  2  (NF2)  inherited  tumor  predisposition  syndrome  are  prone  to  the 
development  of  nervous  system  tumors,  including  schwannomas  and  meningiomas.  The  NF2  tumor 
suppressor  protein,  merlin  or  schwannomin,  inhibits  cell  growth  and  motility  as  well  as  affecting  actin 
cytoskeleton-mediated  processes.  Merlin  interacts  with  several  proteins  that  might  mediate  merlin  growth 
suppression,  including  hepatocyte  growth  factor-regulated  tyrosine  kinase  substrate  (HRS  or  HGS). 
Previously,  we  demonstrated  that  regulated  overexpression  of  HRS  in  RT4  rat  schwannoma  cells  had  the 
same  functional  consequences  as  regulated  overexpression  of  merlin.  To  determine  the  functional 
significance  of  this  interaction,  we  generated  a  series  of  HRS  truncated  mutants  and  defined  the  regions 
of  HRS  required  for  merlin  binding  and  HRS  growth  suppression.  The  HRS  domain  required  for  merlin 
binding  was  narrowed  to  a  region  (residues  470—497)  containing  the  predicted  coiled-coil  domain  whereas 
the  major  domain  responsible  for  HRS  growth  suppression  was  distinct  (residues  498-550).  To  determine 
whether  merlin  growth  suppression  required  HRS,  we  demonstrated  that  merlin  inhibited  growth  in  HRS+  , 
but  not  HRS~'-  mouse  embryonic  fibroblast  cells.  In  contrast,  HRS  could  suppress  cell  growth  in  the 
absence  of  N12  expression.  These  results  suggest  that  merlin  growth  suppression  requires  HRS  expression 
and  that  the  binding  of  merlin  to  HRS  may  facilitate  its  ability  to  function  as  a  tumor  suppressor. 


INTRODUCTION 

Neurofibromatosis  2  (NF2)  is  an  autosomal  dominant  inherited 
tumor  predisposition  syndrome  in  which  affected  individuals 
are  prone  to  the  development  of  specific  nervous  system 
tumors  (1).  The  hallmark  central  nervous  system  tumor  in  NF2 
is  the  schwannoma,  typically  involving  both  eighth  cranial 
nerves  (bilateral  vestibular  schwannomas).  Continued  growth 
of  these  tumors  leads  to  deafness  and  balance  problems.  In 
addition  to  bilateral  vestibular  schwannomas,  schwannomas  can 
occur  on  other  cranial  or  peripheral  nerves  throughout  the  body. 
The  second  most  common  tumor  in  NF2  is  the  meningioma, 
arising  from  leptomeningeal  cap  cells  and  is  seen  in  50%  of 
affected  individuals.  Lastly,  ependymomas  and,  less  commonly, 
astrocytomas  are  also  observed  in  NF2  patients. 


The  NF2  gene  was  identified  by  positional  cloning  in  1993 
and  found  to  encode  a  595  amino  acid  protein  termed  merlin  or 
schwannomin  (2,3).  Merlin  contains  three  predicted  structu¬ 
rally  important  regions,  including  an  amino  terminal  FERM 
domain  (residues  1-302),  a  central  alpha  helical  region 
(residues  303-479)  and  a  unique  carboxyl  terminus  (residues 
480-595).  Based  on  this  structure,  merlin  has  been  classified 
as  a  member  of  the  Protein  4.1  subfamily  of  proteins  that 
includes  ezrin,  radixin  and  moesin  (ERM  proteins)  (4).  These 
proteins  are  proposed  to  link  the  actin  cytoskeleton  to  cell 
surface  glycoproteins.  While  ERM  proteins  have  not  been 
directly  implicated  in  growth  regulation,  ezrin  has  been  shown 
to  modulate  apoptosis  in  particular  cell  types  (5).  Like  other 
ERM  proteins,  merlin  binds  to  actin  and  is  associated  with  the 
actin  cytoskeleton  (6).  However,  merlin  has  a  different  subcellular 
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distribution  than  other  ERM  proteins  in  peripheral  nerve 
Schwann  ceils,  reinforcing  the  idea  that  merlin  is  a  unique 
member  of  this  Protein  4.1  family  of  proteins  (7,8). 

Since  individuals  with  NF2  are  at  increased  risk  of 
developing  specific  nervous  system  tumors,  the  NF2  gene  has 
been  hypothesized  to  function  as  a  tumor  suppressor  (9). 
Support  for  this  classification  derives  from  studies  demonstrat¬ 
ing  germline  mutations  in  the  NF2  gene  in  NF2  patients  and 
bi-allelic  inactivation  of  NF2  in  NF2-associated  tumors, 
including  schwannomas,  ependymomas  and  meningiomas 
(10-12).  Moreover,  re-expression  of  the  NF2  gene  in  merlin- 
deficient  meningioma  cells  in  vitro  and  schwannoma  cells  both 
in  vitro  and  in  vivo  results  in  growth  suppression  (13,14).  In 
contrast,  regulated  expression  of  merlin  containing  missense 
NF2  patient  mutations  has  no  effect  on  cell  growth  either  in 
vitro  or  in  vivo  (15).  Merlin  loss  is  also  observed  in  nearly  all 
sporadic  schwannomas  and  over  half  of  sporadic  meningiomas, 
suggesting  that  the  NF2  tumor  suppressor  plays  a  more  general 
role  in  the  molecular  pathogenesis  of  these  tumors  (16-19). 

Clues  to  the  mechanism  of  action  of  merlin  have  derived 
from  several  different  studies.  Mice  with  a  targeted  mutation  in 
the  Nf2  gene  develop  malignant  tumors  that  exhibit  a  highly 
metastatic  phenotype  (20).  This  finding  suggested  that  merlin 
might  normally  regulate  both  cell  proliferation  and  actin 
cytoskeleton-associated  processes  important  for  mediating  cell 
motility.  In  this  regard,  human  M^-deficient  schwannoma  cells 
have  defects  in  actin  cytoskeleton  organization  that  can  be 
restored  by  the  re-expression  of  wild-type,  but  not  mutant, 
merlin  (21).  This  phenotypic  abnormality  can  also  be  partially 
rescued  by  modulating  Rac/Rho  signaling  (22).  In  addition, 
regulated  overexpression  of  wild-type  merlin,  but  not  merlin 
containing  missense  NF2  patient  mutations,  in  rat  schwannoma 
cells  results  in  reduced  cell  motility  and  alterations  in  actin 
cytoskeleton  organization  during  the  initial  phases  of  cell 
spreading  in  vitro  (15,23). 

Merlin  has  been  shown  to  interact  with  a  number  of 
potentially  important  effectors,  including  a  sodium-hydrogen 
exchange  regulatory  factor  (24),  an  actin-binding  protein  (PIT- 
spectrin)  (25),  schwannomin  interacting  protein  (26),  syntenin 
(27),  the  CD44  transmembrane  hyaluronic  acid  binding  protein 
(28,29)  and  hepatocyte  growth  factor-regulated  tyrosine  kinase 
substrate  (HRS/HGS)  (30,31).  Merlin  interacts  with  HRS 
through  residues  in  the  merlin  carboxyl  terminal  region. 
Previous  studies  from  our  laboratory  have  shown  that  regulated 
overexpression  of  HRS  has  similar  effects  to  overexpression  of 
merlin  on  rat  RT4  schwannoma  cell  proliferation  and  actin 
cytoskeleton-associated  processes  (30).  HRS  overexpression 
results  in  reduced  RT4  cell  proliferation  and  motility  as  well  as 
alterations  in  actin  cytoskeleton  organization  during  the  initial 
phases  of  cell  spreading  (31). 

HRS  was  originally  identified  as  a  115kDa  tyrosine- 
phosphorylated  protein  in  B16-F1  mouse  melanoma  cells 
treated  with  hepatocyte  growth  factor  (HGF)  (32).  HGF  is  one 
of  the  most  potent  mitogenic  stimuli  for  Schwann  cells  and  has 
been  shown  to  promote  ceil  motility  in  a  variety  of  cell  types 
(33,34).  Human  HRS  contains  111  amino  acids  with  several 
conserved  protein-protein  interaction  domains,  including  a 
FYVE  domain,  a  VHS  zinc  finger  domain,  a  coiled-coil 
domain  and  two  proline-rich  regions  (32).  The  FYVE  and  VHS 
domains  have  been  implicated  in  the  localization  of  HRS  to  the 


early  endosome,  where  HRS  functions  to  modulate  endocytosis 
and  exocytosis  (35,36).  In  addition,  HRS  has  been  suggested  to 
function  in  the  TGF-P  signaling  pathway  by  binding  to  SARA, 
a  Smad  family  adaptor  protein  (37),  as  well  as  mediate  cell 
growth  regulation  by  binding  to  the  STAT  signal  transducing 
adaptor  molecule  (STAM)  and  modulating  STAT  pathway 
signaling  (38). 

To  elucidate  the  relationship  between  HRS  binding  and 
merlin  function,  we  determined  the  HRS  domains  required  for 
growth  suppression  and  merlin  binding.  In  this  report,  we 
demonstrate  that  the  HRS  domains  important  for  merlin 
binding  and  HRS  growth  suppression  are  distinct.  We  further 
show  that  merlin  growth  suppression  is  impaired  in  cells 
lacking  HRS  expression,  but  that  HRS  can  function  as  a  growth 
suppressor  in  the  absence  of  merlin  expression.  Collectively, 
these  results  suggest  that  merlin  growth  suppression  is 
dependent  on  HRS  and  that  HRS  may  function  to  transduce 
the  merlin  growth  suppressor  signal. 


RESULTS 

Truncated  HRS  fragments  are  expressed  both 
in  vitro  and  in  vivo 

In  order  to  study  the  interaction  between  merlin  and  HRS,  we 
generated  a  series  of  truncated  human  HRS  fragments  as 
described  in  the  Materials  and  Methods  section.  Truncated 
HRS  fragments  were  designed  to  serially  delete  the  predicted 
conserved  protein— protein  binding  domains  (Fig.  1A).  Two 
approaches  were  taken  to  demonstrate  HRS  fragment  expres¬ 
sion.  Gene  expression  in  vitro  was  demonstrated  by  coupled 
transcription  and  translation  in  vitro  (TNT)  and  proteins  were 
detected  with  the  9E10  anti-myc  monoclonal  antibody 
(Fig.  IB).  In  vivo  expression  was  demonstrated  by  transient 
transfection  in  RT4  schwannoma  cells  and  detected  by  western 
blot  using  the  9E10  anti-myc  monoclonal  antibody  in  cell 
lysates  (Fig.  1C).  Each  of  the  HRS  fragments  produced 
proteins  of  the  expected  sizes  both  in  vitro  and  in  vivo. 

The  merlin  binding  site  is  located  within  the 
HRS  predicted  coiled-coil  domain 

To  determine  the  region  of  HRS  important  for  mediating  the 
interaction  with  merlin,  we  performed  two  complementary  sets 
of  experiments.  First,  we  employed  glutathione-S-transferase 
(GST)  affinity  chromatography.  GST-fused  carboxyl-terminal 
(C-term)  merlin  (residues  299-595)  protein  was  used  to  interact 
with  radioactive  TNT  products  of  various  HRS  fragments. 
These  initial  experiments  demonstrated  that  the  carboxyl 
terminus  of  merlin  could  interact  with  HRS  (270-777)  and 
HRS  (447-777)  as  well  as  full-length  HRS  (not  shown),  but  not 
with  HRS  (270-435)  and  HRS  (551-777)  (Fig.  2A).  Further 
experiments  showed  that  the  carboxyl  terminus  of  merlin  also 
interacts  with  HRS  (447-626)  and  HRS  (270-550)  (Fig.  2 A). 
Based  on  these  results,  we  mapped  the  minimal  region 
responsible  for  merlin  binding  to  HRS  residues  447-550. 

Second,  we  analysed  the  interaction  between  the  carboxyl 
terminus  of  merlin  and  different  HRS  fragments  in  vivo  by 
co-immunoprecipitation  after  transient  transfection  in  RT4 


Human  Molecular  Genetics ,  2002,  Vol  11,  No.  25  3 


A 


VMS  FYVE  4  rk+i 

rrpm  ibnain 


HRS 

HRS(I2.12) 

HRS(l-t1$) 

HR sa?w3«> 

HRS(27tt*7TJ> 

HRSf4i7*7TT) 

lIRSfJTl^SS*) 

nwiTMift 

HR5(jTO4f7) 

hr  Wfo-mi 

HRS(49frTT7| 

IIR3(55l-777) 


HRS(551^rr?5^Mt3) 


HHSCWa-W) 


Figure  1.  Generation  of  truncated  HRS  fragments.  (A)  Truncated  human  HRS  fragments  were  generated  by  PCR  to  serially  delete  the  predicted  protem-protein 
binding  domains.  All  fragments  were  cloned  into  the  pcDNA3.myc-tagged  vector.  (B)  The  expression  of  these  fragments  was  detected  by  in  vitro  transcription  and 
translation,  separation  by  SDS-PAGE,  and  western  blotting  with  mouse  anti-c-myc  monoclonal  antibody.  (C)  The  in  vivo  expression  was  demonstrated  by  tran¬ 
siently  transfecting  fragments  into  RT4  rat  schwannoma  cells,  separation  by  SDS-PAGE,  and  western  blotting  with  c-myc  antibodies. 
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Figure  2.  Merlin  binding  maps  to  the  HRS  coiied-coil  domain.  (A)  GST-affinity  chromatography  experiments  demonstrated  that  HRS  (447-626)  and  HRS 
(270-550)  bind  to  merlin  (299-595),  however  HRS  (270-435)  and  HRS  (551-777)  do  not  bind.  (B)  To  further  narrow  the  HRS  domain  that  mediates  binding 
to  merlin,  co-immunoprecipitation  experiments  were  performed.  The  carboxyl  terminus  of  merlin  (residues  299-595)  and  various  HRS  fragments  were  co-tran- 
sfected  into  RT4  cells.  Cell  lysates  were  incubated  with  c-myc  agarose  conjugate,  separated  by  SDS-PAGE  and  western  blotted  with  the  C18  rabbit  anti-mer  in 
polyclonal  antibody.  Full  length  HRS,  HRS  (270-497)  and  HRS  (470-777)  bind  to  C-term  merlin,  but  HRS  (270-435)  and  HRS  (498-777)  do  not,  suggesting  that 
the  binding  domain  maps  between  L470  and  R497,  within  the  HRS  predicted  coiled-coil  domain  (C). 
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cells.  These  experiments  demonstrated  that  HRS  (270-497) 
and  HRS  (470-777)  interact  with  the  carboxyl  terminus  of 
merlin  (Fig.  2B).  In  other  experiments,  equivalent  binding  to  the 
carboxyl  terminus  of  merlin  was  observed  with  HRS  (270-497) 
and  HRS  (447-777)  (Fig.  4A).  In  contrast,  HRS  (270-435)  and 
HRS  (498-777)  do  not  bind  to  the  carboxyl  terminus  of  merlin 
(Fig,  2B).  Collectively,  these  results  suggest  that  merlin  binding 
to  HRS  required  residues  470—497  within  the  HRS  predicted 
coiled-coil  domain  (Fig.  2C). 

HRS  growth  suppression  requires  residues  in  the 
carboxyl  terminal  domain 

Next,  we  wanted  to  define  the  domain  important  for  HRS 
growth  suppression  to  determine  whether  it  was  distinct  from 
the  merlin-binding  region.  As  we  have  shown  previously,  HRS 
overexpression  results  in  decreased  RT4  rat  schwannoma  cell 
growth  in  clonogenic  assays  as  well  as  by  using  inducible  RT4 
cell  lines  (31).  Using  the  HRS  truncation  constructs  described 
above,  we  analysed  HRS-mediated  RT4  growth  suppression 
defined  as  a  greater  than  25%  reduction  in  colony  number 
compared  with  vector  controls.  Initially,  we  observed  sig¬ 
nificant  HRS  growth  suppression  with  constructs  HRS 
(270-777)  and  HRS  (447-777)  (36.53%,  PcO.Ol  and 
35.35%,  P  <  0.01,  respectively;  Fig.  3A).  In  contrast,  no 
significant  growth  suppression  was  observed  with  HRS 
(270-435)  and  HRS  (551-777)  (6.07%,  P>0.10  and 
15.27%,  P>  0.05,  respectively;  Fig.  3  A).  To  further  narrow 
the  minimal  growth  suppression  domain  of  HRS,  we  studied 
additional  fragments  for  their  ability  to  suppress  RT4  cell 
growth.  As  shown  in  Figure  3B,  HRS  (498-777)  suppressed 
cell  growth  significantly  (39.7%,  P>  0.001),  while  HRS 
(270-497)  and  HRS  (551-777)  did  not  (12.09%,  P>0.05 
and  12.82%,  P>0.05,  respectively).  Growth  suppression  was 
also  seen  with  the  HRS  (470-777)  mutant  (data  not  shown). 
Based  on  these  experiments,  the  domain  required  for  HRS 
growth  suppression  maps  between  residues  498  and  551,  which 
is  distinct  from  the  sequences  important  for  merlin  binding 
(Fig.  3C). 

A  merlin-binding,  but  non-growth-suppressing,  HRS 
mutant  cannot  reverse  merlin  growth  suppression 

Since  the  HRS  domains  important  for  merlin  binding  and  HRS 
growth  suppression  were  distinct  and  separable,  we  next 
evaluated  the  possibility  that  exogenous  overexpression  of  an 
HRS  fragment  capable  of  binding  to  merlin,  but  not 
suppressing  cell  growth,  might  impair  merlin  growth  suppres¬ 
sion  by  interfering  with  endogenous  merlin-HRS  interactions. 
Using  the  HRS  fragment  containing  residues  270-497,  which 
does  not  suppress  cell  growth  but  binds  merlin  (Fig.  4A),  we 
transfected  an  inducible  merlin  RT4  cell  line  with  HRS 
(270-497)  as  well  as  other  HRS  truncation  mutants.  Whereas 
merlin  induction  using  doxycycline  resulted  in  an  ~50% 
reduction  in  RT4  cell  colony  number  (‘vector’),  HRS 
co-expression  resulted  in  an  80%  reduction  (Fig.  4B  and  C). 
We  observed  no  cooperative  effect  using  the  HRS  (1-232) 
mutant  that  fails  to  bind  merlin  and  lacks  growth  suppressor 
activity.  HRS  mutants  capable  of  binding  merlin  and  able  to 
suppress  growth  [HRS  (447-777)]  exhibited  similar  growth 


suppressor  properties  as  full  length  HRS.  HRS  (270-497)  had 
no  effect  on  merlin  growth  suppression,  suggesting  that 
interfering  with  endogenous  merlin-HRS  binding  is  not 
sufficient  to  reverse  merlin  growth  suppression. 

HRS  is  required  for  merlin  tumor  suppressor  function 

Given  our  inability  to  demonstrate  a  dominant  inhibitory 
effect  for  growth  suppressor  defective  merlin-binding  mutants 
of  HRS,  we  next  sought  to  determine  whether  merlin  growth 
suppression  required  HRS  expression.  To  test  this  hypothesis, 
we  assayed  the  ability  of  merlin  to  suppress  cell  growth  in 
HRS-deficient  mouse  embryonic  fibroblasts  (Hrs~f~  MEFs). 
The  endogenous  expression  profiles  of  merlin  and  HRS  were 
confirmed  by  Western  blot  using  specific  anti-merlin  or  anti- 
HRS  antibodies  (data  not  shown).  In  these  experiments, 
merlin  could  not  inhibit  the  growth  of  HRS  deficient  cells. 
In  contrast,  the  re-introduction  of  HRS  resulted  in  significant 
growth  suppression  (Fig.  5A).  In  HRS^fJr  MEF  (Fig.  5B)  or 
NIH3T3  (data  not  shown)  cells,  overexpression  of  either 
merlin  or  HRS  resulted  in  growth  suppression.  Collectively, 
these  data  suggest  that  merlin  growth  suppression  requires 
HRS  expression. 

HRS  growth  suppression  does  not  require 
merlin  expression 

Since  merlin  cannot  suppress  MEF  growth  in  the  absence  of 
HRS  expression,  we  next  wished  to  determine  whether  HRS 
growth  suppression  required  merlin  expression.  Using  Nf2- 
deficient  mouse  embryonic  cells  (Nf2~/~  MEFs),  which 
express  endogenous  HRS,  we  demonstrated  that  re-introduction 
of  either  HRS  or  merlin  could  inhibit  Nf2~!~  MEF  colony 
formation  (Fig.  5C).  This  is  in  agreement  with  our  previous 
results  demonstrating  that  HRS  is  capable  of  suppressing  the 
growth  of  RT4  rat  schwannoma  cells  that  express  nearly 
undetectable  levels  of  merlin  (31).  In  contrast  to  merlin,  HRS 
growth  suppression  does  not  require  merlin  expression  and 
suggests  that  HRS  may  function  downstream  of  merlin  in  a 
potential  growth  regulatory  pathway. 

DISCUSSION 

Among  the  known  merlin-interacting  proteins,  HRS  is  one  of 
the  most  attractive  candidates  for  a  merlin  effector  protein  that 
transduces  the  NF2  growth  regulatory  signal.  Our  previous 
studies  identified  HRS  as  a  unique  binding  partner  for  merlin, 
which  suggested  that  HRS  might  be  involved  in  mediating 
merlin  growth  suppression  (30,31).  Several  lines  of  evidence 
support  a  link  between  merlin  and  HRS.  First,  HRS  is  a  specific 
merlin  interacting  protein  and  does  not  bind  to  other  Protein  4.1 
or  ERM  molecules  (14,30).  Second,  HRS  overexpression  in 
RT4  rat  schwannoma  cells  has  the  same  functional  conse¬ 
quences  as  regulated  overexpression  of  merlin  (31).  Lastly, 
HRS  functions  in  the  HGF  signaling  pathway,  which  has  been 
implicated  in  the  control  of  Schwann  cell  growth  and  motility 
(33,34),  processes  that  are  also  modulated  by  merlin  (15).  In 
this  report,  we  define  the  residues  on  HRS  required  for  merlin 
binding  and  HRS  growth  suppression  and  show  that  these 
regions  are  distinct  and  non-overlapping.  We  further 
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Figure  3.  The  carboxyl  terminus  of  HRS  is  required  for  growth  suppression.  (A)  In  order  to  determine  the  region  of  HRS  responsible  for  growth  suppression,  we 
performed  clonogenic  assays  with  various  HRS  fragments.  HRS,  HRS  (270-777)  and  HRS  (447-777)  were  able  to  suppress  RT4  ed  imR.  whereas  HRS 
(270-435)  and  HRS  (551-777)  did  not.  (B)  Further  experiments  showed  that  HRS  (498-777)  also  suppressed  cell  growth,  whereas  HRS  (270-497)  and  HRS 
(551-777)  had  no  effect.  The  growth  suppressor  domain  of  HRS  maps  between  A4’8  and  Q  ,  which  does  not  overlap  with  the  merlin-binding  domain  (C). 
Asterisks  denote  statistically  significant  growth  suppression. 


Figure  4.  HRS  (270-497)  cannot  reverse  merlin  growth  suppression.  (A)  The  interaction  of  merlin  and  various  HRS  fragments  were  performed  by  co- 
immunoprecipitation  as  described  in  the  Materials  and  Methods  section.  Merlin  interacts  with  HRS  (270-497),  HRS  (447-777),  as  well  as  fall-length  HRS, 
but  not  HRS  (1-232).  (B)  In  order  to  determine  whether  expressing  an  HRS  mutant  capable  of  binding  merlin  but  not  reducing  cell  growth  could  inhibit  merlin 
growth  suppression,  we  transfected  various  HRS  fragments  into  the  tetracycline-regulatable  RT4  rtTA  NF2.17  cell  line,  in  which  merlin  expression  is  induced  upon 
the  addition  of  doxycycline.  In  these  experiments,  HRS  (27(M97)  was  not  able  to  reverse  merlin  growth  suppression.  HRS  fragments  with  growth  suppressor 
activity  [HRS,  HRS  (498-777),  and  HRS  (447-777)]  cooperated  with  merlin  to  further  reduce  colony  number.  (C)  These  results  are  tabulated  from  at  least  tour 
independent  experiments.  Asterisks  denote  statistically  significant  growth  suppression. 


8  Human  Molecular  Genetics,  2002,  Vol.  1 1,  No.  25 


vector  HRS  NF2 


c 


vector  HRS  NF2 


me  rile 


D 


MEF: 

BBS* 

jWFT'- 

plum  id 

wnr 

hrs 

HF2 

VKttf 

HRS 

Htt 

wrtf 

HAS 

NF3 

pro*#) 

Hffreulonfty 

0 

5IJMJ 

•4M 

<D 

M.05 

2AM 

0 

SIM 

45.73 

W\ 

>0lW 

H'a 

WA 

•mil 

Figure  5.  HRS  is  required  for  merlin  growth  suppression.  (A)  HRS  or  merlin  was  transiently  transfected  into  HRS-deficient  fibroblasts  (Hrs  MEFs).  Re- 
introduction  of  HRS  into  HRS  deficient  cells  reduces  cell  growth,  whereas  merlin  has  no  effect.  The  right  panel  shows  the  overexpression  of  HRS  or  merlin 
in  HRS  deficient  MEFs.  (B)  Both  HRS  and  merlin  suppress  Hrs+I+  MEF  growth.  The  right  panel  shows  the  overexpression  of  HRS  or  “  Hrs 

MEFs.  (C)  Both  HRS  and  merlin  can  suppress  N/2~'~  MEF  growth.  The  right  panel  shows  the  overexpression  of  HRS  or  merlin  in  Nf2  MEFs.  The  results 
from  these  experiments  are  tabulated  in  (D).  Asterisks  denote  statistically  significant  growth  suppression. 
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demonstrate  that  merlin  growth  suppression  requires  HRS,  but 
that  HRS  growth  suppression  is  not  dependent  upon  merlin 
expression.  Collectively,  these  results  suggest  that  HRS  acts 
downstream  of  merlin  and  might  function  to  transduce  the 
merlin  growth  suppressor  signal. 

We  were  able  to  define  the  domain  of  HRS  important  for 
mediating  interactions  with  merlin.  This  ‘merlin-interaction 
domain  maps  to  residues  470-497  within  the  predicted  coiled- 
coil  domain  in  human  HRS.  A  number  of  other  HRS 
interacting  proteins  also  bind  to  this  region,  including  STAM 
(human  HRS  residues  452-570)  (38),  HRS  binding  protein 
(mouse  HRS  residues  431^199)  (39),  synaptosome-associated 
protein  of  25kDa  (rat  HRS  residues  478-562)  (40),  p21 
activated  kinase  1  (human  HRS  residues  451—570)  (41)  and 
sorting  nexin-1  (rat  HRS  residues  225-541)  (42).  Only  HBP 
requires  the  same  HRS  binding  region  as  merlin,  based  on 
more  detailed  HRS  fragment  binding  studies.  Additional 
mapping  studies  will  be  required  to  determine  whether  all  the 
above  HRS-binding  proteins  use  the  same  binding  domain  as 
merlin.  It  is  also  not  known  whether  HRS  binding  to  these 
various  molecules  occurs  in  a  mutually  exclusive  fashion  or 
whether  multi-molecular  complexes  containing  a  number  of 
these  proteins  can  exist  in  cells. 

Using  a  series  of  HRS  truncation  mutants,  we  were  able  to 
separate  the  domains  in  HRS  responsible  for  merlin  binding 
from  those  important  for  growth  suppression.  Previously,  we 
demonstrated  that  regulated  overexpression  of  HRS  dramati¬ 
cally  reduced  RT4  rat  schwannoma  cell  proliferation  and  that 
combined  HRS  and  merlin  overexpression  resulted  in  an 
additional  decrease  in  cell  growth  compared  with  the  effects  of 
either  alone  (31).  The  domain  responsible  for  HRS  growth 
suppression  maps  to  residues  498—550,  which  is  outside  of  the 
predicted  coiled-coil  domain  in  human  HRS  important  for 
merlin  binding.  Using  a  merlin  inducible  cell  line,  we  now 
show  that  HRS  overexpression  further  reduced  RT4  colony 
number  in  concert  with  merlin  overexpression.  These  results 
suggest  that  merlin  and  HRS  overexpression  have  additive 
effects  on  growth  suppression,  but  do  not  address  the  require¬ 
ment  of  HRS  for  merlin  growth  suppression  or  vice  versa. 
Interestingly,  HRS  fragments  that  do  not  bind  merlin  are  still 
able  to  provide  this  additional  growth  suppression,  arguing  that 
HRS  probably  functions  either  downstream  of  or  independent 
of  merlin. 

To  address  the  requirement  for  HRS  in  merlin  growth 
suppression,  we  utilized  HRS~'~  MEFs  and  demonstrated  that 
merlin  was  unable  to  suppress  cell  growth  in  the  absence  of 
HRS  expression.  These  results  suggest  that  HRS  functions 
downstream  of  merlin  and  that  it  is  important  for  merlin  growth 
suppression.  In  support  of  this  downstream  position,  HRS 
growth  suppression  was  unaffected  by  merlin  expression  and 
HRS  was  equally  effective  as  a  growth  regulator  in  the  presence 
or  absence  of  merlin.  Future  genetic  complementation  studies 
in  mice  and  Drosophila  will  be  required  to  confidently  position 
HRS  and  merlin  function  relative  to  each  other. 

Recent  studies  have  elucidated  the  upstream  signals  that  are 
important  in  merlin  growth  suppression.  Proper  membrane 
localization  of  merlin  appears  to  be  critical  for  merlin  function, 
in  that  merlin  mutants  unable  to  associate  with  the  cell 
membrane  are  defective  as  growth  regulators  (43,44).  One  such 
upstream  molecule  is  the  transmembrane  hyaluronate  receptor, 


CD44.  Merlin  binds  to  CD44  under  growth  arrest  conditions 
(29).  Under  these  conditions,  merlin  exists  in  a  relatively  hypo- 
phosphorylated  form.  Conversely,  in  the  growth-permissive 
state,  merlin  is  hyperphosphorylated  and  exhibits  decreased 
binding  to  CD44.  In  this  model  (45),  merlin  growth  suppression 
occurs  in  a  specific  cellular  context  and  its  association  with 
CD44  is  partially  mediated  by  phosphorylation  events  (46,47). 
Another  ‘upstream’  merlin  interacting  protein  is  paxillin,  which 
binds  to  merlin  and  regulates  its  density-dependent  localization 
(48).  Paxillin  binds  to  merlin  residues  50-70  contained  within 
exon  2  and  facilitates  the  localization  of  merlin  to  the  cell 
membrane  where  it  can  interact  with  cell  surface  proteins,  like 
CD44  and  pi-integrin  (49). 

While  these  studies  shed  light  on  the  upstream  signaling 
events  relevant  to  merlin  growth  suppression,  comparatively 
less  is  known  about  the  pathways  and  events  downstream  of 
merlin  that  transduce  the  merlin  growth  suppressor  signal.  A 
number  of  potential  interacting  proteins  have  been  identified 
over  the  years  since  the  cloning  of  the  NF2  gene.  Some  of  these 
molecules  also  bind  other  ERM  proteins  (e.g.  pil-spectrin)  (25), 
while  others  have  unknown  functions  (e.g.  schwannomin- 
interacting  protein)  (26).  One  interesting  merlin  interactor  that 
operates  within  a  critical  Schwann  cell  signaling  pathway  is 
HRS.  Our  results  positioning  HRS  downstream  of  merlin  in 
mammalian  cells  suggest  that  HRS  may  transduce  merlin 
growth  suppression.  Several  possibilities  can  be  envisioned  to 
explain  how  HRS  might  propagate  merlin’s  signal.  First,  merlin 
may  serve  to  bring  HRS  to  the  cell  membrane  where  it  can 
interact  with  key  molecules.  We  examined  the  possibility  that 
merlin  overexpression  might  serve  to  redistribute  HRS  within 
cells.  In  these  experiments,  we  observed  no  change  in  HRS 
subcellular  distribution  upon  merlin  induction  (C.X.S.,  unpub¬ 
lished  observations).  Similarly,  we  did  not  see  any  change  in 
merlin  subcellular  localization  upon  HRS  overexpression. 
These  results  argue  that  this  mechanism  is  unlikely  to  explain 
how  HRS  functions  as  a  merlin  signal  transducer.  Further 
studies  will  be  required  to  determine  whether  HRS  changes  the 
ability  of  merlin  to  interact  with  specific  cell  membrane 
proteins. 

Alternatively,  merlin  could  bind  to  HRS  and  result  in 
activation  of  HRS  by  facilitating  its  interaction  with  specific 
HRS  effector  proteins.  While  HRS  growth  suppression  is  not 
dependent  upon  merlin  expression,  merlin  binding  to  HRS 
may  allow  HRS  to  function  more  efficiently  as  a  negative 
growth  regulator.  In  this  fashion,  merlin-mediated  HRS 
activation  would  lead  to  decreased  cell  growth,  perhaps  by 
modulating  pathways  previously  ascribed  to  HRS,  such  as 
endocytosis  and  exocytosis  (50-57),  lysosomal  trafficking 
(42),  TGF-p:Smad  signaling  (37),  or  Jun  kinase  (JNK) 
activation  (38).  The  role  of  HRS  in  JNK  activation  is 
particularly  intriguing  in  light  of  experiments  demonstrating 
increased  JNK  signaling  in  Nf2  !  mouse  embryonic 
fibroblasts  (46).  In  addition,  recent  studies  have  indicated 
that  HRS  might  participate  in  receptor  tyrosine  kinase  (RTK) 
endocytosis  (52).  In  this  model,  HRS  activation  might 
modulate  the  endocytosis  of  RTK  molecules  (36,39,53),  like 
epidermal  or  hepatocyte  growth  factor  receptor,  to  affect 
mitogenic  signaling  and  cell  proliferation.  Additional  studies 
will  be  necessary  to  dissect  the  mechanism(s)  underlying 
HRS-dependent  merlin  growth  regulation. 
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MATERIALS  AND  METHODS 

Antibodies,  plasmids,  and  cell  lines 

The  merlin  and  HRS  cDNAs  used  in  these  experiments  were  of 
human  origin  as  described  previously  (30,31).  HRS  fragments 
were  generated  with  PCR.  The  primers  for  PCR  are:  HRS 
(1-232),  5'-CTG  GAT  CCC  GGG  CGA  GGC  AGC  GGC 
ACC-3'  and  5'-CTC  ACT  CAG  TGG  TGG  AAG  TGG  C-3'; 
HRS  (1-435),  5'-CTG  GAT  CCC  GGG  CGA  GGC  AGC  GGC 
ACC-3'  and  5'-CTC  AAC  TCT  TCA  TGC  GGT  TCA  C-3'; 
HRS  (270-435),  5'-CTG  GAT  CCC  CAG  TCA  GAG  GCG 
GAG  GAG-3'  and  5'-CTC  AAC  TCT  TCA  TGC  GGT  TCA  C- 
3';  HRS  (270-777),  5'-CTG  GAT  CCC  CAG  TCA  GAG  GCG 
GAG  GAG-3'  and  5'-GTC  AGT  CGA  ATG  AAA  TGA  GCT 
G-3';  HRS  (447-777),  5'-CTG  GAT  CCC  AAC  GGC  ATG 
CAC  CCG  CAG-3'  and  5'-GTC  AGT  CGA  ATG  AAA  TGA 
GCT  G-3';  HRS  (447-626),  5'-CTG  GAT  CCC  AAC  GGC 
ATG  CAC  CCG  CAG-3'  and  5'-CTC  ACG  CAG  TGC  TGG 
GCA  TGC  T-3';  HRS  (270-550),  5'-CTG  GAT  CCC  CAG 
TCA  GAG  GCG  GAG  GAG-3'  and  5'-GTC  ACT  GCT  GCT 
CCA  GCC  GCATC-3';  HRS  (270-626),  5'-CTG  GAT  CCC 
CAG  TCA  GAG  GCG  GAG  GAG-3'  and  5'-CTC  ACG  CAG 
TGC  TGG  GCA  TGC  T-3';  HRS  (270-497),  5'-CTG  GAT 
CCC  CAG  TCA  GAG  GCG  GAG  GAG-3'  and  5'-GTC  ACC 
GGC  GAA  GCT  TCT  CCC  GGT  G-3';  HRS  (470-777),  5'- 
CTG  GAT  CCC  CTG  CAG  GAC  AAG  CTG  GCA  C-3'  and  5'- 
GTC  AGT  CGA  ATG  AAA  TGA  GCT  G-3';  HRS  (498-777), 
5'-CTG  GAT  CCC  GCA  GCC  GAG  GAG  GCA  GAG  C-3'  and 
5'-GTC  AGT  CGA  ATG  AAA  TGA  GCT  G-3';  HRS 
(551-777),  5'-CTG  GAT  CCC  AAG  CAG  ACG  GTC  CAG 
ATG  C-3'  and  5'-GTC  AGT  CGA  ATG  AAA  TGA  GCT  G-3'; 
HRS  (55 1-777A625-693),  5'-CTG  GAT  CCC  AAG  CAG 
ACG  GTC  CAG  ATG  C-3'  and  5'-GTC  AGT  CGA  ATG  AAA 
TGA  GCT  G-3';  HRS  (662-777),  5'-CTG  GAT  CCC  TCC 
TAC  CAG  CCT  ACT  CCC  ACA-3'  and  5'-GTC  AGT  CGA 
ATG  AAA  TGA  GCT  G-3' .  PCR  products  containing  a  BamHl 
restriction  site  were  initially  cloned  into  pCR2.1  T/A  cloning 
vector  (Invitrogen  Inc.)  and  sequenced  in  their  entirety.  HRS 
fragments  were  next  subcloned  into  a  pcDNA3.myc  vector 
generated  in  our  laboratory. 

Mouse  anti-myc  monoclonal  antibody  (9E10),  mouse  anti- 
myc  monoclonal  antibody  agarose  conjugates  (9E10  AC)  and 
rabbit  anti-merlin  polyclonal  antibody  (Cl 8  and  A 19)  were 
purchased  from  Santa  Cruz  Technology.  Rabbit  anti-HRS 
polyclonal  antibody  (Ab  10802)  was  generated  as  described 
previously  (30).  Tubulin  (clone  DM1  A)  was  purchased  from 
Sigma  (St  Louis,  MO,  USA). 

The  RT4  rat  schwannoma  cell  line  was  maintained  in 
complete  DMEM  with  10%  FBS.  Mouse  embryonic 
fibroblasts  Hrs+/+  and  Nf2+/+)  and  NIH3T3  cells 

were  maintained  in  complete  DMEM  with  10%  FBS.  NF2- 
deficient  (Nf2~!~)  MEFs  were  provided  by  Dr  Marco 
Giovannini  (Fondation  Jean  Dausset,  CEPH,  France)  and 
maintained  in  complete  DMEM  plus  10%  FBS  and  0.1  mM 
P-mercaptoethanol.  The  merlin  inducible  rtTA.merlin  RT4 
cells  were  maintained  in  complete  DMEM  with  10%  FBS, 
selected  by  500pg/ml  G418,  and  1  pg/ml  puromycin. 
Merlin  expression  was  induced  by  addition  of  1  pg/ml 
doxycycline. 


In  vitro  and  in  vivo  protein  expression 

To  determine  the  expression  of  constructed  HRS  fragments 
in  yitro,  a  nonradioactive  coupled  franscription/translation 
reaction  was  performed  using  the  TNT®  coupled  Reticulocyte 
Lysate  System  (Promega)  according  to  the  recommended 
protocol.  Nonradioactive  products  were  separated  by  12% 
SDS-PAGE  and  analysed  by  western  blot  using  the  9E10  myc 
monoclonal  antibody.  To  analyse  the  expression  of  truncated 
HRS  fragments  in  vivo ,  RT4  cells  were  seeded  in  six-well 
plates  and  transfected  with  various  HRS  fragments  using 
Lipofectamine  according  to  the  manufacturer’s  recommenda¬ 
tions.  Cell  lysates  were  harvested  48  h  later,  separated  by  SDS- 
PAGE  and  analysed  by  western  blot  using  the  9E10  myc 
antibody. 

Growth  suppression  assay 

Clonogenic  assays  were  performed  by  transfecting  cells  with 
equimolar  amounts  of  vector  (pcDNA3.myc), 
pcDNA3.myc.HRS  and  various  HRS  fragments  in 
pcDNA3.myc  vector.  Cells  were  selected  in  500  |ig/ml  G418 
for  14  days  and  the  number  of  surviving  colonies  greater  than 
1  mm  were  counted  in  quadruplicate  dishes  after  staining  in 
0.5%  Crystal  violet.  In  some  experiments,  transfected  cells 
were  selected  in  500  pg/ml  G418,  1  pg/ml  puromycin  and 
200  jig/ml  hygromycin.  Merlin  induction  in  rtTA.merlin  RT4 
cells  lines  was  accomplished  using  1  pg/ml  doxycycline,  as 
previously  reported  (15).  Each  experiment  was  repeated  at  least 
three  times  with  identical  results. 

To  determine  merlin  or  HRS  function  in  genetically-defined 
MEFs,  we  transiently  transfected  equimolar  amounts  of  vector 
(pcDNA3),  pcDNA3.HRS,  or  pcDNA3.NF2  plus  10-fold  less 
pBABE.PURO  plasmid.  Cells  were  selected  by  1  pg/ml 
puromycin  for  14  days,  and  surviving  colonies  were  counted 
as  above.  Each  experiment  was  repeated  for  four  times  with 
identical  results. 

GST  protein  affinity  chromatography 

Glutathione-*S,-transferase  (GST)-merlin  fusion  proteins  were 
generated  as  previously  described  (13,58).  Briefly,  GST.C-term 
merlin  (residues  299-595)  was  transformed  into  DE3  (BL21) 
competent  cells  for  fusion  protein  production.  Bacteria  were 
induced  in  0.4  mM  IPTG  at  room  temperature  for  20-21  hrs  and 
GST  fusion  protein  was  collected  on  glutathione-agarose  beads 
(Sigma)  for  the  interaction  experiments. 

GST  fusion  protein  was  prepared  as  above  for  HRS-merlin 
interaction  experiments  with  in  vitro  transcribed  and  translated 
HRS  fragment  proteins.  In  vitro  transcribed  and  translated  IBIS 
fragment  proteins  were  synthesized  in  the  presence  of  [  S]- 
methionine  using  the  TNT®  coupled  Reticulocyte  Lysate 
Systems  (Promega)  and  detected  by  autoradiography.  In  these 
experiments,  radiolabeled  proteins  were  incubated  with  equi¬ 
molar  amounts  of  GST  fusion  protein  immobilized  on 
glutathione— agarose  beads  for  4h  at  4°C.  Supernatants  were 
saved  and  the  beads  were  washed  three  times  with  TEN  buffer 
(lOmM  Tris-Cl  pH  7.5,  1 50 mM  NaCl,  5  mM  EDTA,  1%  Triton 
X-100)  and  eluted  in  2x  Laemmli  buffer.  Supernatants  and 
eluted  bound  fractions  were  separated  by  12%  SDS-PAGE  and 
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analysed  by  autoradiography.  Each  interaction  experiment  was 
repeated  at  least  three  times  with  identical  results. 

In  vivo  HRS  interaction  experiments 

RT4  schwannoma  cells  were  transiently  transfected  with  merlin 
constructs  and  various  HRS  fragments  using  LipofectAMINE 
(Gibco  BRL)  and  lysates  prepared  48  h  later  using  NP-40  lysis 
buffer  (50  mM  Tris,  pH  7.4;  150mM  NaCl;  3mM  MgCi2; 
0.5%  NP  40;  1  mM  DTT;  1  mM  PMSF;  lOpg/ml  aprotinin; 
10pg/ml  leupeptin).  Protein  lysates  were  incubated  with  the 
myc  antibody  conjugated  to  agarose  beads  (Santa  Cruz 
Biotechnology)  for  2h  at  4°C  followed  by  extensive  washing 
with  lx  PBS.  Eluted  proteins  were  separated  by  SDS-PAGE 
and  blotted  with  the  Cl 8  anti-merlin  polyclonal  antibody  to 
detect  merlin  proteins.  Membranes  were  probed  with  the  9E10 
myc  antibody  after  stripping  with  ECL  stripping  buffer 
(6.25  ml  lM  Tris,  pH  6.8;  770  pi  P-mercaptoethanol;  10  ml 
20%  SDS;  ddH20  to  100  ml).  Each  experiment  was  repeated  at 
least  three  times  with  identical  results. 
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Most  benign  brain  tumors  are  associated  with  loss  of 
the  Nf2  gene  tumor  suppressor  product  schwannomin/ 
merlin.  Interactions  between  schwannomin  fragments 
have  given  rise  to  hypotheses  of  in  vivo  schwannomin 
folding  and  dimerization.  Previously,  we  showed  that 
schwannomin  with  missense  mutations  L360P,  L535P, 
and  Q538P  alters  interaction  with  /311-spectrin  and 
Hrs.  Using  yeast  two-hybrid  tests  of  interaction,  we 
now  show  the  effects  of  11  Nf2  missense  mutations  on 
schwannomin  self-interaction  as  well  as  schwannomin 
interaction  with  Hrs  isoforms  1  and  2,  /311-spectrin, 
and  pi  10.  Missense  mutations  L46R  and  K364I  signif¬ 
icantly  decreased  affinity  of  schwannomin  for  binding 
all  interacting  proteins.  The  schwannomin  L46R  mu¬ 
tation  may  result  in  a  complex  conformational  change 
that  alters  folding  and  denies  /311-spectrin  access  to  an 
intact  binding  site  in  the  C-terminal  half  of  schwan¬ 
nomin.  We  show  that  unique  inter-  and  intramolecular 
interactions  occur  for  schwannomin  isoform  2,  sug¬ 
gesting  that  this  schwannomin  isoform  has  unique 
functional  properties  compared  to  schwannomin  iso- 

form  1.  ©  2002  Elsevier  Science 
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Neurofibromatosis  2  (NF2)  is  an  autosomal  domi¬ 
nant  disorder  characterized  by  benign  tumors  of  the 
neural  crest.  The  Nf2  gene  is  commonly  mutated  in 
benign  tumors  of  the  human  nervous  system,  including 
nearly  all  vestibular  schwannomas,  most  sporadic  me¬ 
ningiomas  and  some  ependymomas  (1-5).  Familial 
NF2  is  also  characterized  by  a  variety  of  nontumor 
features  in  addition  to  tumors,  including  cataracts, 
retinal  hamartomas,  and  cafe-au-lait  spots  (6). 

1  To  whom  correspondence  and  reprint  requests  should  be  ad¬ 
dressed  at  Division  of  Neurology,  Cedars-Sinai  Medical  Center, 
1145E  Medical  Tower,  8631  West  3rd  Street,  Los  Angeles,  CA  90048. 
Fax:  (310)  423-0149.  E-mail:  scolesd@cshs.org. 


The  Nf2  gene  product  schwannomin  (SCH),  also 
named  merlin,  is  a  tumor  suppressor  whose  biochemi¬ 
cal  actions  are  not  fully  understood.  SCH  has  high 
homology  with  ezrin,  radixin,  and  moesin  (ERM  pro¬ 
teins)  of  the  protein  4.1  superfamily  that  link  the  cy- 
toskeleton  to  the  plasma  membrane  (7,  8).  Schwan¬ 
nomin  occurs  in  two  predominant  isoforms,  SCHil  and 
SCHi2.  Alternative  splicing  of  A/2  exon  16,  which  en¬ 
codes  an  alternative  termination  codon,  results  in  the 
replacement  of  the  last  16  amino  acids  (aa)  encoded  by 
exon  17  of  SCHil  (595  aa)  with  11  aa  of  SCHi2  (590  aa) 
(9,  10). 

Binding  sites  in  the  SCH  N-terminal  domain  can  be 
masked  by  conformational  changes,  similar  to  the 
binding  site  masking  that  occurs  in  ERM  proteins  (11, 
12).  This  is  interesting  in  the  context  that  missense  or 
truncating  Nf2  mutations  may  alter  conformation  re¬ 
sulting  in  unmasking  or  further  masking  of  binding 
sites  on  schwannomin.  Unfolding  of  ezrin  unmasks  an 
N-terminal  domain  binding  site  for  the  ezrin  binding 
phosphoprotein  EBP50  (13),  and  a  C-terminal  domain 
binding  site  for  F-actin  (14).  In  schwannomin,  tubulin 
binding  sites  in  the  N-terminal  domain  are  masked  in 
full-length  protein  (15).  In  addition,  interaction  tests 
using  the  yeast  two-hybrid  method  showed  full-length 
SCH  binds  N-  and  C-terminal  SCH  fragments  but  not 
N-  and  C-terminal  ezrin  fragments  unless  SCH  is  trun¬ 
cated  (16).  This  suggested  that  homodimerization  sites 
on  SCH  are  exposed  while  the  binding  sites  for  ezrin  on 
SCH  are  masked  (16).  Thus  full-length  SCH  possesses 
masked  tubulin  binding  sites  in  the  N-terminal  do¬ 
main,  as  well  as  masked  binding  sites  for  ezrin  that  are 
likely  unique  from  the  SCH  homodimerization  sites. 

While  efforts  have  been  made  to  demonstrate  the 
effects  of  schwannomin  truncation  on  schwannomin 
interactions,  little  information  is  available  on  the  ef¬ 
fects  of  natural  A/2  missense  mutations  on  schwan¬ 
nomin  interactions.  Previously  we  identified  the  HGF- 
regulated  tyrosine  kinase  substrate  (HRS)  isoform  1 
(HRSil),  HRS  isoform  2  (HRSi2)  (17),  /3II-spectrin  (18), 
and  the  eukaryotic  initiation  factor  3  (eIF3)  pllO  sub- 
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unit  eight  (Scoles  and  Pulst,  in  preparation)  as  schwan- 
nomin  interacting  proteins.  Each  of  HRSil,  HRSi2,  and 
/311-spectrin  interact  with  the  C-terminal  half  of  schwan- 
nomin  and  bind  to  SCHi2  more  strongly  than  SCHil  as 
measured  by  the  yeast  two-hybrid  method,  pi  10  binds 
the  N-terminal  domain  of  SCHil  or  SCHi2  with  similar 
affinity.  In  the  present  study  we  tested  the  ability  for 
eleven  different  naturally  occurring  mutant  schwan- 
nomins  to  interact  with  its  binding  partners  HRSil, 
HRSi2,  /311-spectrin,  and  pllO,  and  to  self-interact  with 
wild-type  (wt-)  SCHil,  wt-SCHi2,  and  N-  and  C-terminal 
SCH  fragments,  using  the  yeast  two-hybrid  method.  We 
showed  that  many  of  the  missense  mutations  altered  the 
SCH  binding  properties  for  HRS,  /311-spectrin,  and  pi  10, 
and  SCH  self-binding. 

MATERIALS  AND  METHODS 

Plasmid  constructs.  The  cDNA  encoding  full-length  HRS  iso- 
form  1  in  vector  pGADIO  was  obtained  by  yeast  two-hybrid  screen¬ 
ing  and  was  modified  to  encode  the  full-length  HRS  isoform  2  of 
110  kDa  as  previously  described  (17).  The  pGADIO -/311-spectrin 
construct  was  obtained  by  two-hybrid  screening  and  this  construct 
encodes  amino  acids  1716-1998  of  /311-spectrin.  The  pACT-pllO 
construct  was  obtained  by  two-hybrid  screening  and  this  construct 
encodes  amino  acids  69-635  of  the  eIF3  pi  10  subunit  (Scoles  and 
Pulst,  in  preparation).  The  pGBT9-Nf2il  and  pGBT9-Nf2i2  plas¬ 
mids  were  made  as  previously  described  (18).  The  pGAD10-Nf2i2 
construct  was  made  by  excising  the  full-length  Nf2i2  from 
pGBT9-Nf2i2  with  Smal  and  BamUl  then  ligating  in  pGADIO 
prepared  by  digesting  withX/ioI,  followed  by  blunt  filling  with  T4 
DNA  polymerase,  then  digesting  with  BamUl.  The  pGADIO- 
Nf2il  construct  was  made  just  as  was  pGAD10-Nf2i2,  but  start¬ 
ing  with  pGBT9-SCHil.  The  pGBT9-Nf2il(256-595)  construct 
was  made  by  generating  the  Nf2il(256-595)  fragment  by  PCR 
using  primers  5 '  -GATCGAATTCCCGTGGAATGAAATCCGAAAC-3 ' 
and  5 '  -TTTGGAATTCTC AAATGC AGATAGGTCTTCT-3 '  which  was 
then  digested  with  JE’coRI  and  ligated  in  the  EcoKl  site  of  pGBT9. 
The  pGBT9-Nf2i2(256-590)  construct  was  made  by  generat¬ 
ing  the  Nf2i  1(256 -595)  fragment  by  PCR  using  primers  5'- 
GATC GAATTC CC GTGGAATGAAATC C GAAAC-3 '  and  5'-GCTG- 
GAATTCCTGCT AG AGCTCTTC AAA-3 '  which  was  then  digested 
with  EcoKl  and  ligated  in  the  EcoKl  site  of  pGBT9.  The  pGBT9- 
Nf2il(469-595)  construct  was  made  by  generating  the  Nf2il(469- 
595)  fragment  by  PCR  using  primers  5'-GCGAGAATTCA- 
AGC AGAAGCTCCTGGAGATT-3 '  and  5 ' -  AAGAAACTTCTCGAG- 
ATCGTCCTTAAGGTCG-3'  which  was  then  digested  with  EcoRI 
and  ligated  in  the  EcoKl  site  of  pGBT9.  The  pGAD10-Nf2i2(469— 
590)  construct  was  made  by  generating  the  Nf2i2(469-590)  frag¬ 
ment  by  PCR  using  primers  5'-GCGAGAATTCAAGCAGAA- 
GCTCCTGGAGATT-3'  and  5 ' -TCTTCTGGATAGAGCTAAACT- 
CTTAAGTTTG-3'  which  was  then  digested  with  EcoKl  and  ligated 
in  the  EcoKl  site  of  pGBT9.  The  pGAD10-Nf2il(519-595)  con¬ 
struct  was  made  by  generating  the  Nf2il(519-595)  fragment  by 
PCR  using  primers  5 ' -GCGGGAATTCATGGAGATAGAGAAAGA- 
AAAA-3'  and  5 ' -AAGAAACTTCTCGAGATCGTCCTTAAGGTCG-3 ' 
which  was  then  digested  with  EcoKl  and  ligated  in  the  EcoKl  site 
of  pGBT9.  The  pGAD10-Nf2i2(519-590)  construct  was  made  by 
generating  the  Nf2i2(519-590)  fragment  by  PCR  using  primers 
5'-  GCGGGAATTCATGGAGATAGAGAAAGAAAAA-3 '  and  5'-TCT- 
TCTGGATAGAGCTAAACTCTTAAGTTTG-3'  which  was  then  di¬ 
gested  with  EcoKl  and  ligated  in  the  EcoKl  site  of  pGBT9. 

PCR-based  site  directed  mutagenesis.  Three  PCRs  were  per¬ 
formed  in  two  steps  to  produce  a  fragment  of  the  Nf2  gene  with 
nucleotide  base  changes  to  introduce  single  amino  acid  substitution 


mutations  as  previously  described  (18).  The  mutated  PCR  products 
were  ligated  in  place  of  the  normal  counterpart  excised  from  pGBT9- 
Nf2i2. 

Two-hybrid  tests  of  interaction.  Yeast  strain  Y190  double¬ 
transformants  were  grown  on  SC  media  with  leucine,  and  trypto¬ 
phane  dropped  out,  and  2%  glucose  as  previously  described  (18). 
/3-Galactosidase  production  was  assayed  using  the  filter  binding 
assay  by  incubating  freeze-fractured  colonies  on  nitrocellulose  in 
Z-buffer  (60  mM  Na2HP04,  40  mM  NaH2P04,  10  mM  KC1,  1  mM 
MgS04,  pH  7.0,  0.03  mM  /3-mercaptoethanol,  and  2.5  fx M  X-gal)  at 
37°C  for  15  min  to  8  h.  We  determined  the  relative  strengths  of 
interaction  using  semiquantitative  liquid  assays  for  /3-galactosi- 
dase  by  incubating  yeast  extracted  in  Z  buffer  and  5%  chloroform 
with  0.6  mg/ml  o-nitrophenyl  /3-D-galactopyranoside  for  40  min. 
/3-Galactosidase  units  =  1000  X  [OD42o/(OD600  X  time  (in  min)  X 
culture  volume  (in  ml))]  (19). 

RESULTS 

The  locations  of  the  studied  Nf2  missense  mutations 
relative  to  all  known  Nf2  missense  mutations  are  pro¬ 
vided  in  Fig.  1.  We  tested  the  ability  for  wt-SCHil, 
wt-SCHi2,  and  SCHi2  missense  mutants  to  bind 
HRSil,  HRSi2,  /311-spectrin,  and  pllO  using  the  yeast 
two-hybrid  system  (20).  The  pllO  protein  interacts 
with  the  schwannomin  N-terminal  half,  within  schwan- 
nomin  residues  1-305  (Scoles  and  Pulst,  in  prepara¬ 
tion),  SCHi2  interacted  considerably  stronger  with 
HRSil,  HRSi2,  or  /311-spectrin,  all  of  which  bind  the 
SCH  C-terminal  half,  than  did  SCHil  (Fig.  2).  The 
strength  of  interaction  between  SCHi2  and  pllO  was 
about  equal  to  that  of  SCHil  (Fig.  2).  Of  the  eleven 
tested  schwannomin  missense  mutations,  L46R  lo¬ 
cated  in  the  SCH  N-terminal  half,  decreased  interac¬ 
tion  with  each  of  the  schwannomin  binding  proteins 
(Fig.  2).  The  decrease  for  HRSi2,  /311-spectrin,  pllO 
amounted  to  a  complete  loss  of  interaction,  while  re¬ 
sidual  binding  remained  for  HRSil  (Fig.  2). 

Among  the  tested  Nf2  missense  mutations,  the  effect 
of  those  in  the  C-terminal  half  of  the  protein  was  great¬ 
est,  resulting  in  loss  or  near  loss  of  interaction.  Schwan¬ 
nomin  with  the  missense  mutation  L360P  did  not  in¬ 
teract  with  HRSil  or  HRSi2,  but  did  interact  with 
/311-spectrin  and  pllO  (Fig.  2).  Schwannomin  with  ei¬ 
ther  of  the  missense  mutations  K364I,  L535P,  or 
Q538P  did  not  significantly  bind  to  HRSil,  HRSi2, 
/311-spectrin,  or  pllO  (Fig.  2). 

Some  Nf2  missense  mutations  resulted  in  elevated 
schwannomin  interaction  with  HRSil,  HRSi2,  /311- 
spectrin,  or  pllO.  These  mutations  are  all  located  be¬ 
tween  amino  acids  219  and  352.  The  mutations 
V219M,  N220Y,  I273F,  and  T352M  elevated  interac¬ 
tions  with  HRSil  two-  to  threefold  (Fig.  2).  Mutations 
N220Y  and  I273F  elevated  interaction  with  HRSi2  by 
155  and  137%,  respectively  (Fig.  2).  The  I273F  muta¬ 
tion  elevated  /311-spectrin  binding  by  241%  (Fig.  2). 

To  show  the  effects  of  schwannomin  missense  muta¬ 
tions  on  interactions  with  other  schwannomins,  we 
tested  the  ability  for  wt-SCHil,  wt-SCHi2,  and  SCHi2 
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FIG.  1.  Schwannomin  domains  and  locations  of  naturally  occurring  amino  acid  substitutions.  The  N-  and  C-terminal  domains  of 
schwannomin  are  separated  by  the  a-helical  (hatched)  central  domain.  Germline  mutations  are  at  the  top  of  the  diagram  and  somatic 
mutations  are  at  the  bottom.  Missense  mutations  that  are  underlined  were  included  in  the  study. 


missense  mutants  to  bind  wt-SCHil,  wt-SCHi2.  The 
interaction  of  SCHil  with  itself  was  as  strong  as  with 
SCHi2,  whereas  the  self-interaction  of  SCHi2  was 
stronger  that  its  interaction  with  SCHil  (Fig.  3). 

Most  of  the  Nf2  missense  mutations  had  little  effect 
on  SCH  self-binding,  and  in  general,  the  mutations 
decreased  SCHi2  binding  more  than  SCHil  binding. 
Wt-SCHil  interaction  with  wt-SCHi2  was  of  the  ap¬ 
proximate  same  strength  as  for  missense  SCHi2  pro¬ 
teins  with  the  W41C,  L46R,  G197C,  V219M,  N220Y, 
I273F,  and  T352M  mutations  (Fig.  3).  SCHil  interac¬ 
tion  was  reduced  with  SCHi2  proteins  mutated  at 
L360P,  K364I,  L535P,  and  Q538P  (Fig.  3).  Most  of  the 
tested  mutant  SCHi2  proteins  had  decreased  interac¬ 
tion  with  wt-SCHi2  compared  to  the  strength  of  inter¬ 
action  observed  between  two  wt-SCHi2  proteins  (Fig. 
3).  SCHi2  with  the  K364I  mutation  did  not  bind  wt- 
SCHi2,  and  SCHi2  with  the  L46R  mutation  did  not 
interact  with  either  SCHil  or  SCHi2  (Fig.  3). 

We  determined  that  sites  for  schwannomin  self¬ 
interaction  are  different  between  schwannomin  iso¬ 
form  1  and  schwannomin  isoform  2  by  interacting  full- 
length  SCHil  or  SCHi2  with  C-terminal  fragments  of 
SCHil  and  SCHi2.  Strengths  of  interactions  between 
C-terminal  fragments  of  SCH  isoform  1  or  isoform  2 
(including  amino  acids  256-595  and  256-590,  respec¬ 
tively)  and  wt-SCHil  were  insignificant  (Fig.  4).  In 
contrast,  the  strengths  of  interactions  between  the 
same  C-terminal  fragments  and  full-length  SCHi2  was 
significantly  higher  than  control  tests  ( P  <  0.01,  Stu¬ 
dent’s  t  test)  (Fig.  4). 

The  masking  of  binding  sites  may  complicate  the 
interaction  between  schwannomin  and  other  proteins. 


To  demonstrate  this,  we  determined  the  strengths  of 
interaction  between  full-length  or  C-terminal  frag¬ 
ments  of  SCHi2  or  SCHil  with  /311-spectrin  using  the 
yeast  two-hybrid  system.  /311-Spectrin  interacted  more 
strongly  with  full-length  SCHi2  than  SCHil,  and  suc¬ 
cessive  N-terminal  truncation  resulted  in  loss  of  /311- 
spectrin  binding  (Fig.  5).  However,  the  interaction  of 
SCHil  C-terminal  fragments  was  stronger  than  full- 
length  SCHil,  suggesting  that  the  N-terminal  half  of 
schwannomin  isoform  1  masks  a  site  for  /311-spectrin 
binding  in  the  C-terminal  domain  (Fig.  5). 

The  effect  of  Nf2  missense  mutations  on  schwan¬ 
nomin  interaction  with  each  of  the  interacting  proteins 
is  summarized  in  Table  1. 

DISCUSSION 

A  general  framework  for  how  SCH  intramolecular 
interactions  might  influence  SCH  intermolecular  inter¬ 
actions  can  be  obtained  by  comparing  SCH  to  ERM 
family  proteins.  The  identities  between  ezrin  and 
schwannomin  N-terminal,  a-helical,  and  C-terminal 
domains  are  61,  30,  and  22%,  respectively  (21).  Ezrin 
exists  in  at  least  two  conformational  states,  folded 
monomers  and  elongated  dimers,  both  containing 
masked  C-terminal  domain  binding  sites  for  interac¬ 
tion  with  N-terminal  domains  of  other  ERM  proteins 
that  are  unmasked  in  both  the  monomeric  and  dimeric 
states  (12,  22).  Moesin  also  folds  like  ezrin  in  a  manner 
involving  interaction  between  the  N-  and  C-terminal 
domains  (11). 


FIG.  2.  Yeast  two-hybnd  tests  of  interaction  between  schwannomin  isoform  1,  schwannomin  isoform  2,  or  schwannomin  isoform  2  with  the 
mdicated  missense  mutations  and  (A)  HRSil  and  HRSi2  or  (B)  /311-spectrin  and  pllO.  Each  of  the  SCHil,  SCHi2,  or  SCHi2  mutant  proteins  as 
indicated  on  the  X-axis  were  expressed  as  fusions  to  the  GAL4  binding  domain  and  tested  in  yeast  cells  for  interaction  with  HRSil,  HRSi2, 
/311-spectrin,  or  pllO  fused  to  the  GAL4  activation  domain.  Values  are  (3-galactosidase  units  and  are  reported  as  means  ±  SD  of  three  replicates! 
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GAL4  Binding  Domain 

FIG.  3.  Yeast  two-hybrid  tests  of  interaction  between  schwannomin  isoform  1,  schwannomin  isoform  2,  or  schwannomin  isoform  2  with  the 
indicated  missense  mutations  and  schwannomin  isoform  1  or  schwannomin  isoform  2.  Each  of  the  SCHil,  SCHi2,  or  SCHi2  mutant  proteins  as 
indicated  on  the  Y-axis  were  expressed  as  fusions  to  the  GAL4  binding  domain  and  tested  in  yeast  cells  for  interaction  with  SCHil  or  SCHi2  fused 
to  the  GAL4  activation  domain.  The  control  tests  show  the  levels  of  background  obtained  in  the  control  interaction  between  SCHil  or  SCHi2  and 
the  GAL4  binding  domain  with  no  fusion.  Values  are  0-galactosidase  units  and  are  reported  as  means  ±  SD  of  three  replicates. 


Schwannomin  Folding 

Schwannomin  folds  in  a  head-to-tail  manner.  Gut- 
mann  et  al.  (23)  demonstrated  that  two  intramolecular 
interactions  in  schwannomin  mediate  the  folded  con¬ 
formation.  One  of  these  occurs  between  two  regions 
within  the  schwannomin  N-terminal  domain  (resi¬ 
dues  8—121  and  200—320).  The  other  occurs  between 
N-terminal  and  C-terminal  schwannomin  regions  (res¬ 
idues  302-308  and  residues  580-595).  The  latter  N-  to 
C-terminal  domain  interaction  could  not  be  demon¬ 
strated  in  schwannomin  isoform  2  (24)  or  in  a  L64P 
schwannomin  isoform  1  mutant  protein  that  had  lost 
the  ability  for  N-terminal  domain  self-association  (23). 
Gutmann  et  al.  (23)  hypothesized  that  the  N-terminal 
domain  self-association  is  required  for  the  N-  to 
C-terminal  domain  interaction  to  take  place.  This  hy¬ 
pothesis  was  strongly  supported  by  Gronholm  et  al. 
(16)  who  showed  that  schwannomin  N-  and  C-terminal 
domain  fragments  of  residues  1-339  and  252-595  in¬ 
teracted,  but  schwannomin  fragments  of  residues 
1-167  and  252-595  did  not.  But  inconsistently,  Gron¬ 


holm  et  al.  (16)  also  showed  that  a  schwannomin  frag¬ 
ment  of  residues  339-585  interacted  with  schwan¬ 
nomin  fragments  of  residues  1-167  and  252-595.  This 
result  suggested  that  a  masked  binding  site  in  the 
C-terminal  domain,  present  in  both  schwannomin  iso¬ 
forms,  interacted  with  the  unfolded  N-terminal  do¬ 
main,  and  placed  into  question  whether  schwannomin 
isoform  2  could  undergo  folding.  This  is  of  particular 
interest  since  it  is  believed  that  schwannomin  must  be 
folded  to  function  as  a  negative  growth  regulator  (24). 

We  tested  the  effects  of  mutation  on  schwannomin 
isoform  2  interactions  using  the  Gal4-based  yeast  two- 
hybrid  system  in  the  framework  of  two  hypotheses. 

Hypothesis  I.  Any  mutation  that  disrupts  schwan¬ 
nomin  self-association  alters  its  ability  to  bind  other 
proteins. 

Hypothesis  II.  Schwannomin  isoform  2  is  folded  dif¬ 
ferently  than  schwannomin  isoform  1,  perhaps  ex¬ 
plaining  why  schwannomin  isoform  2  is  not  a  negative 
growth  regulator. 
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TABLE  1 


Nf2  Missense  Mutation,  Mutation  Type  (Somatic  or  Germline),  Patient  Phenotype  (for  Germline  Mutations  Only), 

and  Effect  on  Schwannomin  Interaction 


Mutation 

Somatic/Germline 

Patient  phenotype 

Effect  of  the  mutation  on  binding 

Trp41Cys  (25) 

Somatic 

_ 

Interacted  with  all  proteins  like  the  nonmutant  SCHi2 

Leu46Arg  (26,  27) 

Somatic 

— 

Disrupted  interactions  with  all  proteins,  but  interacted  strongly  with 
HRSil  and  moderately  with  HRSi2 

Glyl97Cys  (25) 

Somatic 

— 

Interacted  with  all  proteins  like  the  nonmutant  SCHi2,  but  the  mutation 
decreased  binding  to  /311-spectrin  and  SCHi2 

Val219Met  (9,  28) 

Somatic 

— 

Interacted  with  all  proteins  like  the  nonmutant  SCHi2,  but  the  mutation 
elevated  HRSil  binding  and  decreased  SCHi2  binding 

Asn220Tyr  (2) 

Germline 

Mild 

Interacted  with  all  proteins  like  the  nonmutant  SCHi2,  but  the  mutation 
elevated  HRSil  and  HRSi2  binding  and  decreased  SCHi2  binding 

Ile273Phe  (29) 

Somatic 

■ 

Interacted  with  all  proteins  like  the  nonmutant  SCHi2,  but  the  mutation 
elevated  HRSil,  HRSi2,  and  011-spectrin  binding  and  decreased  SCHi2 
binding 

Thr352Met  (30) 

Germline 

Severe 

Interacted  with  all  proteins  like  the  nonmutant  SCHi2,  but  the  mutation 
elevated  HRSil  and  j3II-spectrin  binding  and  decreased  SCHi2  binding 

Leu360Pro  (7,  26) 

Germline 

Mild 

The  mutation  did  not  alter  pllO  binding,  but  disrupted  interaction  with 
HRSil  and  HRSi2  and  weakened  binding  to  /311-spectrin,  SCHil,  and 
SCHi2 

Lys364Ile  (29) 

Somatic 

— 

The  mutation  weakened  binding  to  SCHil  and  disrupted  binding  to 
HRSil,  HRSi2,  /311-spectrin,  pllO,  and  SCHi2 

Leu535Pro  (31) 

Germline 

Mild 

The  mutation  weakened  interaction  with  HRSil,  HRSi2,  /311-spectrin, 
pllO,  and  SCHi2 

Gln538Pro  (32) 

Germline 

Mild/Severe 

The  mutation  weakened  interaction  with  HRSil,  HRSi2,  /311-spectrin, 
pllO,  and  SCHi2 

Our  approach  to  test  hypothesis  I  was  to  assess  the 
ability  for  full-length  schwannomin  isoform  1,  isoform 
2,  and  isoform  2  mutants  (Fig.  1)  to  interact  with 
HRSil,  HRSi2,  /311-spectrin,  pllO  and  with  wild-type 
schwannomin  isoform  1  and  isoform  2.  The  second 
hypothesis  was  tested  by  comparing  the  binding  of 
C-terminal  fragments  with  that  of  full-length  proteins. 

In  some  cases,  interactions  in  yeast  may  not  wholly 
reflect  interactions  in  mammalian  cells.  For  example, 
Meng  et  al  (33)  showed  SCHil  and  ezrin  interacted  by 
coimmunoprecipitation  of  overexpressed  proteins  from 
A431  cells,  but  the  authors  were  unable  to  show  these 
two  proteins  interacted  using  a  transcriptionally  based 
yeast  two-hybrid  method.  In  the  Gal4-based  yeast  two- 
hybrid  method,  the  SCHil-ezrin  protein  complex  may 
fail  to  translocate  to  the  nucleus,  or  perhaps  the  con¬ 
formation  of  the  complex  does  not  allow  the  Gal4  acti¬ 
vation  domain  the  correct  positioning  for  transcrip¬ 
tional  activation.  In  addition,  while  yeast  two-hybrid 
experiments  cannot  address  the  stability  of  missense 
or  nonsense  containing  transcripts  under  physiologic 
conditions,  they  can  make  important  contributions  to 
structure/function  studies.  However,  comparisons  of  the 
/3-galactosidase  values  among  Figs.  2  and  3  suggest  that 
all  mutant  constructs  were  similarly  expressed  in  yeast. 

Effect  ofNf2  Mutation  on  Binding  to  HRS , 

fill-Spectrin,  and  pi  10 

Nf2  mutations  significantly  altered  schwannomin 
binding  to  HRS,  j3II-spectrin,  and  pllO.  Schwannomin 


isoform  2  mutated  at  L46R  had  reduced  or  no  binding  to 
HRS  isoform  2  and  /311-spectrin,  which  interact  with  the 
schwannomin  C-terminal  half,  and  pllO  which  binds  the 
schwannomin  N-terminal  half  (Fig.  2).  L46  is  within 
the  region  involved  in  N-terminal  domain  folding  (23). 
Schwannomin  binding  to  each  of  HRS,  /311-spectrin,  or  pllO 
was  abolished  by  mutations  K364I,  L535P,  and  Q538P. 
The  crystal  structure  of  moesin  showed  that  the  surface 
residues  where  contact  is  made  between  the  N-  and 
C-terminal  domains  share  81%  identity  to  schwannomin, 
suggesting  a  similar  mechanism  in  schwannomin  folding 
(11).  Because  moesin  residues  V518  and  H521,  which  lie 
on  the  interface  where  the  moesin  N-  and  C-terminal 
domains  make  contact,  correspond  to  schwannomin  res¬ 
idues  L535  and  Q538  (11),  schwannomin  mutations  at 
these  locations  are  likely  to  alter  schwannomin  folding 
and  binding  properties.  Missense  mutations  in  the  mid¬ 
dle  domain  of  SCH  (V219M,  N220Y,  I273F,  and  T352M) 
elevated  strengths  of  interactions  with  HRS  and  /311- 
spectrin.  The  elevated  interaction  may  be  of  no  conse¬ 
quence  to  SCH  loss  of  function,  or  may  result  in  loss  of 
schwannomin-mediated  signaling  due  to  irreversible 
binding.  Schwannomin  isoform  2  mutated  at  L46R,  K364I, 
L535P,  or  Q538P  is  either  misfolded  or  in  an  otherwise 
unfavorable  conformation  that  denies  sites  for  binding. 

Effect  of  Nf2  Mutation  on  Binding 

of  Other  SCH  Proteins 

Only  two  Nf2  mutations  abolished  schwannomin  iso¬ 
form  2  binding  to  other  schwannomin  proteins  as  well 
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st  two-hybnd  tests  of  interaction  between  schwannomin  isoform  1  or  2  and  schwannomin  isoform  1  or  2  C-terminal  fragments 
uopu6,  “2  ®nIlSrCH,?(256-590)  were  expressed  as  fusions  to  the  GAL4  binding  domain  (BD)  and  tested  in  yeast  cells  for  interaction 
with  SCHil  or  SCHi2  fused  to  the  GAL4  activation  domain  (AD).  The  control  tests  show  the  levels  of  background  obtained  in  the  control 
interaction  between  SCHil  or  SCHi2  and  the  GAL4  binding  domain  with  no  fusion.  For  the  plate  assay  data,  blue  indicates  the  presence  of 
/3-gaiactosidase  and  a  positive  interaction.  For  the  liquid  assay  values  given  are  j3-galactosidase  units,  reported  as  means  ±  SD  of  three 


as  to  other  schwannomin  interacting  proteins.  The 
schwannomin  isoform  2  mutated  at  L46R  failed  to  in¬ 
teract  with  either  wild-type  SCHil  or  SCHi2,  demon¬ 
strating  that  this  mutant  does  not  self-associate  (Fig. 
3).  Schwannomin  isoform  1  and  2  differed  remarkably 
in  their  affinity  for  binding  SCHi2  mutated  at  K364I. 
Schwannomin  isoform  1  interacted  with  the  K364I  mu¬ 
tant  while  SCHi2  did  not  (Fig.  3).  The  SCHi2  mutated 
at  K364I  also  had  reduced  affinity  for  SCHil  compared 
to  all  other  mutant  SCHi2  proteins  except  L46R  (Fig. 
3).  HRS,  /311-spectrin  or  pi  10  did  not  interact  with 
SCHi2  mutated  at  K364I.  Our  hypothesis  I  is  strongly 
upheld  for  L46R  and  K364I.  In  addition,  the  mutations 
L535P,  and  Q538P  that  reduced  but  did  not  abolish 
schwannomin  self-interaction  had  significant  effect  on 
schwannomin  interaction  with  HRS,  /311-spectrin  and 
pi  10.  Likewise,  the  mutation  L360P  that  reduced  but 
did  not  abolish  schwannomin  self-interaction  had  sig¬ 
nificant  effect  on  schwannomin  interaction  with  HRS, 


but  did  not  disrupt  schwannomin  binding  with  /311- 
spectrin  or  pi  10. 

Full-Length  SCH  Isoform  2  Can  Bind  SCH 

C-Terminal  Domain  of  Either  Isoform 

We  tested  the  hypothesis  II  that  schwannomin  iso¬ 
form  2  is  unable  to  fold  like  schwannomin  isoform  1  by 
assessing  the  ability  for  SCHil  or  SCHi2  C-terminal 
domain  fragments  (residues  256-595  and  256-590, 
respectively)  to  bind  full-length  SCHil  or  SCHi2.  Full- 
length  schwannomin  isoform  1  did  not  interact  with 
the  C-terminal  fragment  of  either  isoform  while  full- 
length  schwannomin  isoform  2  interacted  with  the 
C-terminal  fragments  of  both  isoforms  (Fig.  4).  The 
schwannomin  isoform  1  may  be  so  strongly  folded  in 
our  assay  that  a  binding  site  for  the  C-terminal  frag¬ 
ment  of  schwannomin  isoform  1  was  masked.  Schwan¬ 
nomin  isoform  2,  which  previously  was  believed  to  not 
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FIG.  5.  Yeast  two -hybrid  tests  of  interaction  between  /311- 
spectrin  and  full-length  or  truncated  schwannomin  isoform  1  (black) 
or  schwannomin  isoform  2  (hatched)  proteins.  Each  of  the  schwan¬ 
nomin  proteins  indicated  on  the  X-axis  were  expressed  as  fusions  to 
the  GAL4  binding  domain  and  tested  in  yeast  cells  for  interaction 
with  /311-spectrin  residues  1716-1998  fused  to  the  GAL4  activation 
domain.  The  control  tests  show  the  levels  of  background  obtained  in 
the  control  interaction  between  SCHil  or  SCHi2  and  the  GAL4 
binding  domain  with  no  fusion.  Values  are  /3-galactosidase  units  and 
are  reported  as  means  ±  SD  of  three  replicates. 


Schwannomin  Isoforms  Bind  fill-Spectrin  Uniquely 

Because  the  interactions  between  schwannomin  C-ter- 
minal  fragments  and  full-length  proteins  were  all  exceed¬ 
ingly  weak  (Fig.  4),  we  supported  the  conclusions  of  those 
tests,  that  schwannomin  isoforms  1  and  2  fold  uniquely, 
by  testing  the  ability  for  truncated  schwannomin  pro¬ 
teins  to  bind  /311-spectrin.  Interactions  by  SCHil  and 
SCHi2  for  /311-spectrin  and  SCHi2  L46R  support  that  the 
schwannomin  isoforms  are  differently  folded  and  present 
some  unique  binding  properties.  We  previously  showed 
that  C-terminal  fragments  of  schwannomin  interacted 
with  /311-spectrin  (18).  We  have  now  compared  /311- 
spectrin  binding  affinities  between  the  schwannomin  iso¬ 
forms  using  matched  sets  of  C-terminal  domain  frag¬ 
ments  in  effort  to  identify  differences  in  schwannomin 
isoform  conformations.  We  found  that  deletion  of  resi¬ 
dues  1-255  markedly  decreased  SCHi2  affinity  for  /311- 
spectrin,  but  allowed  SCHil  to  more  strongly  bind  /311- 
spectrin  (Fig.  5).  Further  truncation  abolished  /311- 
spectrin  binding  by  SCHi2,  but  not  by  SCHil  (Fig.  5). 
/311-Spectrin  binding  properties  are  remarkably  unique 
between  the  two  schwannomin  isoforms.  The  /311-spectrin 
binding  site  is  masked  in  full-length  schwannomin  iso¬ 
form  1  but  not  2,  and  in  truncated  schwannomin  isoform 
2  but  not  1. 

Our  hypothesis  II  is  strongly  supported  by  these 
tests.  The  data  strongly  show  that  the  schwannomin 
isoform  2  folded  conformation  is  unique  from  that  of 
schwannomin  isoform  1.  We  further  hypothesize  that 
the  differences  in  growth  regulatory  properties  be¬ 
tween  schwannomin  isoform  1  and  2  result  from  dif¬ 
ferences  in  protein  binding  or  folded  conformations. 

Mutation  in  the  Nf2  gene  severely  affects  schwan¬ 
nomin  normal  function  by  disrupting  interactions  be¬ 
tween  schwannomin  with  itself  and  its  interacting  pro¬ 
teins.  Schwannomin  isoform  1  is  a  verified  growth 
suppressor  while  no  such  function  has  been  proven  for 
schwannomin  isoform  2  (24).  The  growth  suppressor 
function  in  schwannomin  isoform  1  has  been  tied  to 
schwannomin  intramolecular  interactions  (23).  We  now 
show  that  unique  inter-  and  intramolecular  interactions 
occur  for  schwannomin  isoform  2,  suggesting  that  this 
schwannomin  isoform  has  unique  functional  properties. 


undergo  N-  to  C-terminal  domain  folding,  interacted 
with  the  C-terminal  fragments  of  both  isoforms.  Thus 
we  conclude  that  a  site  that  binds  the  C-terminal  half 
of  either  isoform  of  schwannomin  is  available  in  the 
full-length  schwannomin  isoform  2  that  is  unavailable 
in  schwannomin  isoform  1  in  our  assay.  This  is  likely 
due  to  differences  in  the  folding  strengths  of  the 
full-length  proteins.  Schwannomin  isoform  2  may  un¬ 
dergo  N-  to  C-terminal  domain  folding  in  a  manner 
that  is  entirely  different  from  that  in  schwannomin 
isoform  1. 
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Mutations  in  the  neurofibromatosis  2  ( NF2)  gene  with  the  resultant  loss  of  expression  of  the  NF2  tumor 
suppressor  schwannomin  are  one  of  the  most  common  causes  of  benign  human  brain  tumors,  including 
schwannomas  and  meningiomas.  Previously  we  demonstrated  that  the  hepatocyte  growth  factor-regulated 
tyrosine  kinase  substrate  (HRS)  strongly  interacts  with  schwannomin.  HRS  is  a  powerful  regulator  of 
receptor  tyrosine  kinase  trafficking  to  the  degradation  pathway  and  HRS  also  binds  STAM.  Both  of  these 
actions  for  HRS  potentially  inhibit  STAT  activation.  Therefore,  we  hypothesized  that  schwannomin  inhibits 
STAT  activation  through  interaction  with  HRS.  We  now  show  that  both  schwannomin  and  HRS  inhibit  Stat3 
activation  and  that  schwannomin  suppresses  Stat3  activation  mediated  by  IGF-I  treatment  in  the  human 
schwannoma  cell  line  STS26T.  We  also  find  that  schwannomin  inhibits  Stat3  and  Stat5  phosphorylation  in 
the  rat  schwannoma  cell  line  RT4.  Schwannomin  with  the  pathogenic  missense  mutation  Q538P  fails  to  bind 
HRS  and  does  not  inhibit  Stat5  phosphorylation.  These  data  are  consistent  with  the  hypothesis  that 
schwannomin  requires  HRS  interaction  to  be  fully  functionally  active  and  to  inhibit  STAT  activation. 


INTRODUCTION 

Neurofibromatosis  2  (NF2)  is  an  autosomal  dominant  disorder 
caused  by  mutations  in  the  NF2  gene.  The  inherited  disorder  is 
characterized  by  bilateral  vestibular  schwannomas  and  a 
predisposition  to  multiple  benign  tumors  of  the  brain  and 
peripheral  nervous  system.  The  tumors  seen  in  NF2  patients 
occur  more  frequently  as  sporadic  tumors  as  a  consequence  of 
somatic  NF2  mutation.  Virtually  all  sporadic  schwannomas 
bear  NF2  mutations  or  deletions  and  NF2  gene  alterations  are 
also  common  in  meningiomas  and  ependymomas  (1-4). 

The  NF2  gene  encodes  the  tumor  suppressor  protein 
schwannomin  or  merlin,  which  has  homology  to  members 
of  the  protein  4.1/ERM  family  of  proteins  that  link  the  plasma 
membrane  to  the  cytoskeleton  (5,6).  Schwannomin  closely 
resembles  the  ERM  proteins  ezrin,  radixin  and  moesin,  which 
interact  with  themselves  and  with  other  ERM  proteins  (7). 
Since  the  identification  of  the  NF2  gene,  significant  advances 
have  been  made  in  determining  schwannomin  function. 


Schwannomin  is  a  multifunctional  protein  that  binds  or 
complexes  with  a  variety  of  other  proteins,  including  syntenin 
(8),  SCHIP1  (9),  CD44  (10),  EBP50/NHERF  (11,12),  Rho 
GDP  dissociation  inhibitor  (13),  other  ERM  proteins  (14-16), 
pll-spectrin  (17),  Paxillin  (18)  and  both  polymerized  actin  and 
microtubules  (19).  The  multitude  of  interactions  suggest  that 
schwannomin  probably  participates  in  a  variety  of  signaling 
pathways  mediated  by  the  plasma  membrane  and 
cytoskeleton. 

Despite  the  many  known  interactions  for  schwannomin, 
pathways  by  which  schwannomin  suppresses  tumor  growth 
remain  undefined.  Schwannomin  may  have  a  role  in  maintain¬ 
ing  normal  signaling  mediated  by  the  actin  cytoskeleton  as 
abnormal  stress  fiber  structure  results  upon  schwannomin  loss 
(20-22).  In  addition,  overexpression  of  schwannomin  results  in 
impairment  of  cell  spreading,  attachment  and  motility,  which 
are  mediated  by  the  actin  cytoskeleton  (23).  Schwannomin 
appears  to  act  in  the  signaling  pathways  mediated  by  the  small 
GTP  binding  proteins  Rho  and  Rac  in  human  fibroblasts,  which 
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regulate  lamellipodial  outgrowth  (20).  More  recently  schwan- 
nomin  was  shown  to  be  phosphorylated  by  p21 -activated 
kinase  2  (PAK2)  in  response  to  signals  mediated  by  Rac/Cdc42 
(24-26). 

We  identified  hepatocyte  growth  factor-regulated  tyrosine 
kinase  substrate  (HRS)  as  a  protein  binding  to  the  NF2  tumor 
suppressor  schwannomin  (27).  Tests  of  the  interaction  strengths 
using  a  yeast  two-hybrid-based  assay  showed  that  the 
interaction  between  the  two  proteins  was  exceptionally  strong 
compared  with  other  schwannomin  interacting  proteins  (27,28). 
HRS  is  a  FYVE-domain  protein  that  binds  endosome- 
associated  phosphatidylinositol  (3)  phosphate  [PtdIns(3)P] 
and  possesses  a  ubiquitin  interacting  motif  (UIM)  (29-31). 
HRS  is  a  powerful  regulator  of  trafficking  of  ubiquitinated 
receptor  tyrosine  kinases  (RTKs)  to  the  lysosome  (31—33).  We 
previously  co-localized  schwannomin  and  HRS  to  EEA1 
positive  early  endosomes,  suggesting  that  schwannomin  might 
have  a  role  in  HRS-mediated  receptor  trafficking  (27).  HRS 
also  interacts  with  and  inhibits  the  signal  transducing  activator 
molecule  STAM,  an  activator  of  Janus  kinases  and  inhibits 
DNA  synthesis  in  BAF-B03  cells  (34,35).  We  also  demon¬ 
strated  that  schwannomin  and  HRS  similarly  function  to  inhibit 
proliferation  of  RT4  cells  (15).  Because  HRS  probably 
facilitates  the  degradation  of  receptors  in  the  lysosome  and 
inhibits  STAM,  we  hypothesized  that  schwannomin  and  HRS 
can  inhibit  one  common  output  of  both  of  these  events: 
activation  of  signal  transducers  and  activators  of  transcription 
(STATs).  We  now  show  that  both  schwannomin  and  HRS  are 
inhibitors  of  STAT  activation  in  human  and  mouse  schwan¬ 
noma  cell  lines.  Schwannomin  with  a  naturally  occurring  NF2 
missense  mutation  that  alters  HRS  binding  abolishes  the  ability 
for  schwannomin  to  inhibit  STAT  activation. 


RESULTS 

Schwannomin  and  HRS  reduce  STAT  activity 

We  measured  the  effect  of  HRS  and  schwannomin  over¬ 
expression  on  STAT  activity  using  a  STAT-responsive  luciferase 
reporter  construct  pLucTKSIE  containing  the  sis  inducible 
element  (SIE)  upstream  of  the  TK  (thymidine  kinase)  minimal 
promoter  element.  Each  assay  was  controlled  with  a  paired 
assay  using  pLucTK,  containing  only  the  TK  minimal  promoter 
element.  The  utility  of  these  reporter  constructs  for  the  study  of 
STAT  activation  has  been  previously  validated  (36).  Each  of 
HRSil,  SCHil  and  SCHi2  inhibited  SIE  activation  in  a  dosage- 
dependent  manner  in  STS26T  cells  (Fig.  1A-C).  Under  the 
conditions  of  our  model  system,  9  pg  of  schwannomin  isoform 
2  reduced  SIE  activity  by  84%  compared  with  the  vector 
control,  while  Q538  schwannomin  isoform  II  reduced  SIE 
activity  by  only  42%.  However,  3  pg  of  schwannomin  isoform 
II  reduced  SIE  activity  by  30%,  in  contrast  to  3pg  of  Q538 
schwannomin  isoform  n,  which  reduced  SIE  activity  by  only 
4%.  Therefore,  in  our  model  system,  the  Q538P  mutation 
reduces  the  ability  of  schwannomin  to  inhibit  SIE  activation  by 
50-88%  (Fig.  IB). 

We  also  determined  the  ability  of  SCHi2  to  inhibit  SIE 
activation  in  RT4  cells.  Schwannomin  isoform  II  inhibited  SIE 
to  about  the  level  of  the  TK  control  in  these  cells  (Fig.  ID). 


Because  SIE  is  activated  by  more  than  one  type  of  STAT 
protein,  we  used  an  additional  construct  that  specifically  detects 
Stat3  activation  via  the  Stat3  inducible  element  S3  (36).  We 
showed  that  both  SCHi2  and  HRSil  suppressed  the  S3  element 
in  a  dosage-dependent  manner  (Fig.  IE).  In  all  experiments, 
transfection  of  plasmids  encoding  SCHil,  SCHi2,  HRSil  and 
Q538P  SCHi2  resulted  in  strong  protein  expression  in  STS26T 
cells  (Fig.  IF). 

Overexpression  of  schwannomin  alters  Stat3  nuclear 
translocation 

To  determine  the  effect  of  schwannomin  on  Stat3  subcellular 
localization,  we  overexpressed  schwannomin  in  STS26T  cells. 
We  determined  the  degree  of  Stat3  nuclear  translocation  in 
response  to  overexpression  of  schwannomin  by  counting 
STS26T  cell  nuclei  labeling  with  Stat3  antibody  after  transient 
transfection  of  Xpress-epitope  tagged  schwannomin  isoform  II 
(SCHi2).  We  photographed  107  cells  including  23  transfected 
with  Xpress-SCHi2.  Nuclear  Stat3  labeling  was  scored  with  the 
investigator  blinded  to  the  transfection  status  (0  =  not  different 
than  cytoplasmic  labeling,  to  4  =  intense  nuclear  labeling).  The 
average  scores  were  highly  significantly  different  between 
transfected  and  untransfected  cells  (0.70  ±0.76  for  transfected 
cells,  2.38±0.71  for  untransfected  cells,  Student’s  t  probability 
<0.001),  showing  that  schwannomin  significantly  inhibited 
Stat3  nuclear  translocation.  Examples  are  shown  in  Figure  2A-F. 
Transfection  with  GFP  did  not  result  in  changes  of  nuclear 
STAT  (data  not  shown). 

To  support  the  data  obtained  by  transient  overexpression,  we 
employed  an  inducible  (Tet-on)  RT4-NF2  cell  line  that 
overexpressed  schwannomin  isoform  I  upon  treatment  with 
doxycycline  (15).  As  demonstrated  above,  induction  of 
schwannomin  resulted  in  reduced  nuclear  Stat3  labeling 
compared  with  uninduced  cells  by  confocal  microscopy 
(Fig.  2G-J). 

IGF-I  stimulates  proliferation  of  RT4  cells 

Previous  studies  have  demonstrated  that  IGF-I  is  a  Schwann 
cell  mitogen  (37,38).  In  293T  cells  and  other  cell  types, 
IGF-I  also  stimulates  the  activation  of  Stat3  (39).  To 
determine  the  effect  of  IGF-I  on  RT4  cell  proliferation,  we 
measured  thymidine  incorporation  after  IGF-I  treatment  and 
demonstrated  increased  proliferation  in  response  to  lOOng/ml 
IGF-I.  The  increased  RT4  cell  proliferation  was  equivalent  to 
that  observed  with  HGF,  another  potent  Schwann  cell 
mitogen  (40).  Upon  induction  of  schwannomin  with 
doxycycline,  we  observed  a  reduction  in  IGF-1  induced  cell 
proliferation  (Fig.  3).  These  data  support  the  hypothesis  that 
schwannomin  inhibits  cell  proliferation  in  a  STAT-dependent 
fashion. 

Schwannomin  inhibits  IGF-I-mediated  Stat3  activation 

Based  on  the  results  demonstrating  that  schwannomin  inhibits 
IGF-I-mediated  cell  proliferation  and  Stat3  subcellular  locali¬ 
zation,  we  next  assessed  the  ability  of  schwannomin  isoform  I 
to  inhibit  Stat3  phosphorylation  in  RT4  and  STS26T  cells.  A 
decreased  abundance  of  phosphorylated  Stat3  relative  to  total 
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Figure  1.  Effects  of  HRS  and  schwannomin  on  inhibition  of  STAT  activation  in  STS26T  and  RT4  cells.  STS26T  cells  were  transfected  with  pLukTK  or 
pLukTKSIE  and  increasing  amounts  of  plasmids  that  express  (A)  schwannomin  isoform  I,  (B)  schwannomin  isoform  II  or  Q538P  schwannon^  isoform  ,  or 
(C)  HRS.  (D)  RT4  cells  were  transfected  with  pLukTK  or  pLukTKSIE  and  increasing  amounts  of  plasmid  expressing  schwannomin  isoform  II.  (E)  SIS201  cells 
were  transfected  with  pLukTK  or  pLukTKS3  and  increasing  amounts  of  plasmids  that  express  schwannomin  isoform  II  or  HRS.  Cells  were  transiently  transfected 
and  luciferase  reporter  activities  were  measured  as  light  emission  with  a  luminometer.  The  results  shown  are  mean  ±  standard  deviation  of  triplicate  measures,  (r) 
Immunoblot  analysis  of  expressed  proteins.  The  expression  plasmids  for  schwannomin  isoform  I  and  II,  HRS  and  Q538P  schwannomin  lsoform  II  express  proteins 
with  an  N-terminal  Xpress  epitope  tag.  Proteins  of  the  predicted  sizes  were  detected  using  the  anti-Xpress  antibody.  Note  that ^Xpress-tagged  schwannomin  isoform 
II  migrates  slower  thL  isoforml  with  the  identical  tag.  This  holds  for  the  GFP  tag  as  well.  Proteins  expressed  by  NF2  cDNAs  from  these  very  same  constructs 
without  N-terminal  tags  show  an  identical  electrophoretic  migration  pattern. 
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Figure  2.  Overexpression  of  schwannomin  alters  Stat3  subcellular  localization.  (A-F):  STS26T  cells  were  transfected  with  Xpress-epitope  tagged  schwannomin 
isoform  II  and  co-labeled  with  anti-Xpress  and  anti-Stat3  antibodies.  A  transfected  cell  labeled  with  anti-Xpress  antibody  (A)  had  very  little  nuclear  Stat3  com¬ 
pared  with  non-transfected  cells,  demonstrated  by  labeling  the  same  cells  with  anti-Stat3  antibody  and  immunofluorescent  confocal  microscopy  (B).  Overlay  of  A 
and  B  (C).  Another  example  of  a  transfected  STS26T  cell  labeled  with  anti-Xpress  antibody  (D)  with  little  nuclear  Stat3  compared  to  non-transfected  cells  (E). 
Overlay  of  D  and  E  (F).  (G-J)  Stat3  observed  in  Tet-on  RT4  NF2.17  without  doxycycline,  detected  by  immunofluorescent  confocal  microscopy,  was  more  strongly 
nuclear  (G  and  H)  than  in  these  cells  grown  at  the  same  time  and  under  identical  conditions  but  with  doxycycline  (I  and  J).  These  cells  were  photographed  with 
equal  exposures  and  digital  contrast.  Bar =40  pm. 
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Figure  3.  Schwannomin  inhibits  RT4  schwannoma  proliferation  in  response  to 
IGF-I  and  HGF.  Ten  thousand  Tet-on  RT4  NF2.17  cells  were  seeded  in  quad¬ 
ruplicate  24-well  plates  and  serum-starved  for  24  h  prior  to  the  addition  of 
lOOng/ml  IGF-I  or  200ng/ml  HGF  overnight  either  in  presence  or  absence 
of  doxycycline  to  induce  schwannomin  expression.  Thymidine  incorporation 
was  measured  after  4  h.  Mean  and  SD  are  shown  for  each  condition. 


Stat3  was  observed  after  24  h  of  induced  schwannomin  isoform 
I  expression  in  Tet-on  RT4  NF2.17  cells  (Fig.  4A).  We  also 
showed  that  IGF-I  phosphorylates  Stat3  in  Tet-ofF  STS26T 
NF2il  cells  and  that  schwannomin  isoform  I  expression  in 
these  cells  inhibited  Stat3  phosphorylation  to  the  level  observed 
in  untreated  cells  (Fig.  4B).  We  then  tested  whether  IGF-I- 
mediated  SIE  activity  could  be  inhibited  by  schwannomin  in 
STS26T  cells.  In  these  experiments,  SIE  activation  increased  in 
response  to  increasing  IGF-I  concentrations  (0,  20  and  40  ng/ 
ml)  in  the  absence  of  schwannomin,  but  when  schwannomin 
was  expressed  no  increased  SIE  activation  was  observed 
(Fig.  5).  We  conclude  that  STAT  activation  by  the  STAT 
activator,  IGF-I,  is  inhibited  by  schwannomin,  and  that 
schwannomin  lies  in  a  signaling  pathway  between  the  IGF-I 
receptor  and  Stat3. 


Schwannomin  inhibits  phosphorylation  of  Stat5 

To  determine  whether  schwannomin  inhibits  only  STATs  that 
activate  SIE,  we  also  assessed  the  ability  of  schwannomin 
isoform  I  to  inhibit  Stat5  phosphorylation  in  RT4  cells.  For 
these  experiments,  we  employed  RT4  cells  that  inducibly 
express  schwannomin  isoform  I  in  response  to  doxycycline 
treatment.  Increased  expression  of  schwannomin  isoform  I 
resulted  in  decreased  abundance  of  phosphorylated  Stat5 
(Fig.  6A,  left).  However,  when  we  used  a  matched  Tet-on 
RT4  inducible  cell  line  expressing  schwannomin  isoform  I 
containing  the  Q538P  mutation,  we  did  not  observe  any 
decrease  in  StatS  phosphorylation  (Fig.  6A,  right).  We  tested 
the  ability  of  this  schwannomin  isoform  I  mutant  to  bind  HRS 
and  found  that  the  Q538P  mutation  abolished  the  HRS 
interaction  (Fig.  6B). 


DISCUSSION 

The  NF2  gene  is  one  of  the  most  commonly  mutated  genes  in 
human  benign  brain  tumors,  including  schwannomas  and 
meningiomas.  Despite  the  identification  of  several  proteins  that 
interact  with  the  NF2  tumor  suppressor  schwannomin,  a  single 
schwannomin-regulated  pathway  altered  by  NF2  mutation  to 
cause  tumorigenesis  has  not  been  defined. 

In  previous  studies  we  identified  HRS  as  a  schwannomin 
interacting  protein  (27).  Two  intriguing  features  about  HRS 
suggested  that  HRS  could  regulate  pathways  that  lead  to  STAT 
activation  and,  being  a  schwannomin  interactor,  that  schwan¬ 
nomin  might  regulate  these  HRS  actions.  Firstly,  HRS 
facilitates  trafficking  of  ubiquitinated  RTKs  to  the  degradation 
pathway  (31-33)  and,  secondly,  HRS  interacts  with  the  signal 
transduction  adapter  molecule  STAM,  which  is  a  ubiquitous 
protein  involved  in  cytokine-mediated  signal  transduction 
(34,35).  While  the  action  of  STAM  on  STATs  has  not  been 
studied,  it  has  been  shown  that  STAM  interaction  with  Janus 
kinases  causes  elevated  c-myc  induction  and  DNA  synthesis 
and  that  HRS  can  inhibit  STAM  activation  (34,35).  Like  HRS, 
STAM  also  possesses  a  ubiquitin-interacting  motif  (UIM)  and 
may  participate  in  HRS-mediated  trafficking  of  RTKs  (41). 
Since  STAT  proteins  are  often  found  overexpressed  in  a  variety 
of  tumors  types,  including  ovary  and  breast  tumor  cells  (42-44) 
and  Statl  and  Stat3  are  overexpressed  in  meningiomas  (45),  we 
investigated  schwannomin  and  HRS  ability  to  inhibit  STAT 
signaling  in  human  and  rat  schwannoma  cell  lines. 

The  STAT  proteins  comprise  a  family  of  proteins  that  are 
activated  upon  ligand  binding  by  cytokine  receptors  or  RTKs, 
sometimes  requiring  Janus  kinases  (Jaks)  (46).  Once  phos¬ 
phorylated,  STATs  then  homo-  or  heterodimerize  and  translo¬ 
cate  to  the  nucleus  where  they  function  as  transcription  factors, 
interacting  with  specific  inducible  elements.  We  chose  to 
investigate  the  ability  of  schwannomin  to  inhibit  the  activation 
of  the  sis  inducible  element  SIE,  which  is  activated  by  Statl 
and  Stat3,  and  the  S3  inducible  element,  which  is  activated  by 
Stat3.  We  now  show  that  both  schwannomin  and  HRS  inhibit 
SIE  and  S3  activation. 

Overexpression  of  increasing  dosages  of  schwannomin 
isoforms  or  HRS  in  STS26T  cells  strongly  inhibited  SIE  and 
S3  activation.  Inducible  expression  of  schwannomin  in  RT4 
cells  and  transiently  expressed  schwannomin  in  STS26T  cells 
decreased  the  abundance  of  nuclear  Stat3.  The  abundance  of 
phosphorylated  Stat3  was  decreased  when  we  inducibly 
overexpressed  schwannomin  in  RT4  or  STS26T  cells.  The 
Q538P  schwannomin  mutation  impaired  the  ability  of 
schwannomin  isoform  II  to  inhibit  SIE  activation.  To  determine 
whether  schwannomin  might  inhibit  other  STATs  that  do  not 
activate  SIE,  we  also  investigated  the  effect  of  schwannomin  on 
StatS.  Induced  schwannomin  expression  inhibited  StatS 
phosphorylation.  In  addition,  Q538P-mutated  schwannomin 
isoform  I,  which  does  not  interact  with  HRS,  did  not  inhibit  the 
phosphorylation  of  Stat5,  when  inducibly  expressed.  These 
findings  are  consistent  with  a  requirement  for  HRS  interaction 
by  schwannomin  for  schwannomin  to  inhibit  STAT  activation. 

IGF-I  is  established  as  an  activator  of  Stat3  in  a  variety  of  cell 
types,  and  stimulates  proliferation  of  Schwann  cells  (37-39). 
We  verified  that  both  IGF-I  and  HGF  induce  proliferation  of 
RT4  cells  and  demonstrated  that  schwannomin  overexpression 
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Figure  4.  Schwannomin  inhibits  Stat3  phosphorylation  in  RT4  and  STS26T  cells.  (A)  Induction  of  schwannomin  results  in  decreased  Stat3  activity.  Subconfluent 
schwannomin-inducible  Tet-on  RT4  NF2.17  cell  cultures  were  treated  with  doxycycline  for  2,  4,  6  and  24h  prior  to  harvest.  Protein  extracts  were  subjected  to 
immunoblot  analysis  using  antibodies  that  recognize  Stat3  phosphorylated  on  tyrosine  705  (Stat3p)  or  total  Stat3.  At  24  h,  decreased  Stat3  activity  in  response 
to  schwannomin  induction  was  indicated  by  lower  abundance  of  phosphorylated  Stat3,  while  total  Stat3  remained  unchanged.  (B)  Schwannomin-inducible  e  - 
off  STS26T  NF2il  cell  cultures  were  treated  with  the  indicated  amounts  of  doxycycline  for  2  days.  Cells  were  serum-starved  overnight  (same  dox  conditions) 
and  then  treated  with  50  ng/ml  IGF-I  (or  diluent)  for  10 min  before  extraction.  The  addition  of  IGF-I  increased  the  abundance  of  phosphorylated  Stat3.  In  cells 
expressing  the  greatest  amount  of  schwannomin,  the  level  of  phosphorylated  Stat3  was  reduced  to  amounts  seen  in  cells  that  were  not  stimulated  with  IGF-I. 
Schwannomin  was  detected  in  (A)  using  antibody  WA30  and  in  (B)  using  antibody  ab2781. 


can  inhibit  SIE  activation  stimulated  by  IGF-I  treatment.  Both 
schwannomin  isoforms  I  and  II  were  able  to  inhibit  STAT 
activation.  Previous  studies  using  model  systems  to  compare 
the  schwannomin  isoforms  functionally  have  demonstrated 
that,  unlike  schwannomin  isoform  I,  schwannomin  isoform  II 
had  no  ability  to  alter  Schwann  cell  proliferation,  tumor  growth 
or  cytoskeletal  reorganization  (21,23,47).  The  schwannomin 
isoforms  are  highly  conserved  evolutionarily,  including  the 
splice  signals,  suggesting  that  both  isoforms  have  important 
cellular  functions  (48,49).  STATs  are  powerful  mediators  of 
signal  transduction  and  while  when  previously  used  in  vitro 
systems  they  did  not  establish  a  link  between  isoform  II  and 
tumorigenesis,  both  schwannomin  isoforms  may  have  some 
significant  role  in  the  regulation  of  proliferative  pathways  at  the 
organismal  level.  Alternatively,  it  is  possible  that  the  ability  of 
schwannomin  and  HRS  to  inhibit  STAT  activation  reflects 
another  function  of  these  proteins  not  related  to  the  inhibition 
of  cell  proliferation. 

A  variety  of  receptors  that  activate  Stat3  also  activate  Stat5. 
The  ability  of  schwannomin  to  inhibit  both  Stat3  and  Stat5 


activation  is  consistent  with  the  ability  of  schwannomin  to 
function  as  a  growth  regulator  by  inhibiting  a  wide  variety  of 
signals  that  activate  multiple  STATs.  The  actions  by  schwan¬ 
nomin  on  STATs  may  involve  HRS  and  its  ability  to  traffic 
STAT-activating  cell  surface  receptors  to  the  lysosome  (32,33). 
HRS  overexpression  in  RT4  cells  strongly  alters  the  localiza¬ 
tion  of  EGF  receptor  in  RT4  cells  (Scoles,  Gutmann  and  Pulst, 
manuscript  in  preparation).  Recently,  we  have  shown  that 
schwannomin  acts  upstream  of  HRS  and  that  HRS  is  required 
for  schwannomin-mediated  inhibition  of  proliferation  in  mouse 
embryo  fibroblasts  (50).  Consistent  with  this  finding,  we  could 
show  no  synergistic  effect  on  STAT  inhibition  caused  by  the 
expression  of  both  HRS  and  schwannomin  (data  not  shown). 
This  finding  is  also  consistent  with  the  inability  of  Q538 
schwannomin  to  inhibit  STAT  activation  caused  by  loss  of  HRS 
interaction.  However,  we  have  not  yet  proven  that  STAT 
inhibition  by  schwannomin  involves  HRS-mediated  receptor 
trafficking.  In  an  effort  to  demonstrate  a  schwannomin  link  to 
STAM,  we  investigated  the  ability  of  schwannomin  to  inhibit 
c-fos  expression,  but  we  were  unable  to  reproducibly  show  that 
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Figure  5.  Schwannomin  inhibits  IGF-I  mediated  activation  of  the  SIE  promoter 
element  for  STAT  signaling.  STS26T  cells  were  transfected  with  pLukTKSfE 
and  9  pg  expression  vector  with  no  insert,  or  pLukTKSIE  and  9  pg  plasmid 
expressing  schwannomin  isoform  II.  Cells  were  treated  with  the  indicated 
amounts  of  IGF-I  before  assaying  for  luciferase  activity.  Fold  induction  is  rela¬ 
tive  to  control  experiments  detecting  pLukTK  activation.  For  this  experiment, 
STS26T  cells  were  transiently  transfected  and  luciferase  reporter  activities  were 
measured  as  light  emission  with  a  luminometer.  The  results  shown  are 
mean  ±  SD  of  triplicate  measures. 

schwannomin  overexpression  affected  c-fos  abundance.  Further 
work  will  be  required  to  elucidate  the  mechanism  by  which 
schwannomin  inhibits  STAT  activation. 

Regulation  of  Stat3  by  schwannomin  may  be  related  to  Rac 
signaling.  Recent  studies  have  shown  that  schwannomin  can 
be  phosphorylated  by  p21 -activated  kinase  (PAK2)  in 
response  to  activated  Racl  (24-26).  In  Schwarm  cells, 
dominant  inhibitory  Racl  blocks  IGF-I-mediated  motility  (51) 
and  constitutively  active  Racl  can  directly  activate  Stat3, 
leading  to  Stat3  nuclear  translocation  (52,53).  Our  results 


demonstrating  schwannomin  suppression  of  Stat3  are  con¬ 
sistent  with  a  relationship  to  Rac  signaling  and  suggest  one 
possible  mechanism  by  which  schwannomin  can  inhibit  Rac- 
mediated  Stat3  activation.  The  finding  that  schwannomin  and 
its  interacting  protein  HRS  both  strongly  suppress  Stat3 
signaling  is  significant  to  potential  treatment  strategies  for 
tumors  in  NF2,  since  constitutive  activation  of  Stat3  by 
mutation  is  oncogenic  (54).  Treatments  that  target  Stat3  and 
other  STAT  proteins  may  prove  to  be  highly  effective  at 
inhibiting  the  growth  of  NF2-related  tumors. 


MATERIALS  AND  METHODS 

Antibodies 

The  Xpress  epitope  tag  encoded  on  pcDNA3.1his  was  detected 
with  anti-Xpress  antibody  (R91025,  Invitrogen).  Polyclonal 
chicken  anti-schwannomin  antibody  ab2781  was  raised  against 
schwannomin  residues  528-541  (YMEKSKHLQEQLNE)  and 
affinity  purified.  Polyclonal  rabbit  anti-merlin  antibody  WA30 
was  raised  against  schwannomin  residues  192-209 
(YAEHRGRARDEAEMEYLK)  as  previously  described  (55). 
Phosphorylated  Stat3  was  detected  on  immunoblots  using 
monoclonal  anti-phospho-Stat3  (Tyr705)  antibody  (9131,  Cell 
Signaling  Technology).  Total  Stat3  was  detected  on  immuno¬ 
blots  using  a  rabbit  polyclonal  Stat3  antibody  (9132,  New 
England  Biolabs)  and  was  detected  for  immunofluorescent 
localization  using  a  rabbit  polyclonal  Stat3  antibody  (sc482, 
Santa  Cruz).  Phosphorylated  Stat5  was  detected  using  mono¬ 
clonal  anti-phospho-Stat5  (Tyr694)  antibody  (9351,  New 
England  Biolabs)  and  total  Stat5  was  detected  using  a 
monoclonal  anti-Stat5  antibody  (S21520,  Transduction 
Laboratories).  All  secondary  antibodies  used  in  the  study  were 
purchased  from  Jackson  ImmunoResearch  Laboratories. 


Constructs 

The  pcDNA3.1hisB-NF2i2  construct  was  generated  by  excis¬ 
ing  the  NF2i2  fragment  from  pGBT9-NF2i2  [previously 
described  (22)]  with  Smal  and  Sail  and  ligating  it  with 
pcDNA3.1hisB  (Invitrogen)  digested  with  iseoRV  and  Xhol. 
The  pcDNA3 . 1  hisB-NF2i  1  construct  was  made  by  removing 
the  C-terminal  half  of  the  NF2i2  gene  from  pcDNA3.1hisB- 
NF2i2  with  Xhol  and  Xbal  and  ligating  in  its  place  the 
C-terminal  fragment  of  the  NF2il  gene  removed  from  pGBT9- 
NF2il  with  the  same  two  restriction  enzymes.  To  construct 
pcDNA3.1hisB-NF2i2  (Q538P),  the  full-length  mutant  NF2 
gene  was  removed  from  the  pGBT9-NF2i2  (Q538P)  [pre¬ 
viously  described  (22)]  with  Smal  and  Sail  and  ligated  with 
pcDNA3.1hisB  digested  with  EcoKsl  and  Xhol. 
pcDNA3 . 1  hisB-HRSi  1  was  made  by  excising  the  HRSil 
fragment  from  pGADlO-HRSil  [previously  described  (22)] 
with  Sail  and  ligating  in  the  Xhol  site  of  pcDNA3.1hisB.  The 
plasmids  pGBT9-NF2il  and  pGADlO-HRS  were  described 
previously  (22).  To  construct  pGBT9— NF2il  (Q538P),  a 
portion  of  the  mutant  NF2  gene  containing  Q538P  was 
removed  from  pGBT9— NF2i2  (Q538P)  with  Hpal  and  Stul 
and  ligated  in  place  of  the  corresponding  portion  removed  from 
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Fieure  6  Schwannomin  inhibits  STAT5  phosphorylation  in  Tet-on  RT4  NF2.17  cells.  (A)  Left  panel:  seven  identical  cultures  of  Tet-on  RT4 
treated  with  the  indicated  concentrations  of  doxycycline  (ng/ml)  for  24  h.  Protein  extracts  were  subjected  to  immunoblot  analysts  using  antibodies  that  recognize 
Stat5  nhosnhorvlated  on  tyrosine  694  (StatSp),  total  StatS  or  schwannomin  detected  with  antibody  ab2781.  A  reduced  abundance  of  Stat5p  was  observ^for  ^1 
treatments  when  doxycycline  was  used.  Note  that  the  treatment  without  doxycycline  is  replicated.  Right  panel:  no  reduction  of  Stat5  phosphorylation  was  obse 
upon  expression  of  schwannomin  mutated  at  position  Q538P.  (B)  Yeast  two-hybrid  tests  of  interaction  demonstrated  that  schwannomin  isoform  I  with  the  mutation 
Q538P  has  considerably  reduced  HRS  binding  affinity  compared  with  wild-type  schwannomin  isoform  1. 


pGBT9-NF2il  with  the  same  restriction  enzymes.  The 
pRevTet-Off-NF2i  1  construct  was  made  by  excising  the 
NF2il  insert  from  pcDNA3.1hisB— NF2il  with  BamHl  and 
ligating  in  to  the  BamHl  site  of  pRevTet-Off  (Clontech). 

Luciferase  assays 

STS26T  or  RT4  cells  were  grown  in  DMEM  containing  10% 
FBS.  Transfections  were  conducted  using  Superfect  as 
recommended  by  the  vendor  (Qiagen).  Total  transfected  DNA 
was  16.7  pg  on  a  100  mm  dish,  including  7.1  pg  of  luciferase 
reporter  plasmid  (pLucTK,  pLukTKS3  or  pLucTKSIE),  0.6  pg 
pcDNA3 . 1  his-LacZ  internal  control  plasmid  (Invitrogen)  and 
9pg  total  expression  plasmid  [pcDNA3.1his,  pcDNA3. 
lhis-NF2il,  pcDNA3.1his-NF2i2,  pcDNA3.1his-NF2i2  (L46R), 


pcDNA3.1his-NF2i2  (Q538P),  pcDNA3.1his-NF2N  (1-305), 
pcDNA3 . 1  his-NF2i  1 C  (299-595),  pcDNA3.1his-HRSil]. 
After  48  h  of  transfection,  cells  were  washed  twice  with 
Dulbecco’s  phosphate  buffered  saline  (DPBS,  Sigma),  removed 
with  0.5%  trypsin,  5.3  mM  EDTA  and  trypsin  was  neutralized 
with  growth  media  and  cells  were  pelleted.  When  cells  were 
stimulated  with  IGF-I,  twice  the  cell  volume  was  used  for  each 
treatment  (2  x  100  mm  dishes).  After  transfection  cells  were 
recovered  in  media  containing  10%  serum  overnight,  then  were 
serum-starved  for  24  h  before  being  stimulated  with  IGF-I  at 
the  indicated  concentrations  for  an  additional  6h.  Cytosolic 
extracts  were  used  for  luciferase  assays  (Luciferase  Assay 
System,  Promega).  P-Galactosidase  activity  was  determined  by 
the  liquid  assay  method  as  described  below  for  yeast  extracts, 
with  chloroform  omitted.  Luciferase  activity  =  [counts 
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luciferase/OD420].  The  luciferase  reporter  system  was  a  gift 
from  Richard  Jove,  University  of  South  Florida. 

Yeast  two-hybrid  tests  of  interaction 

The  methods  for  testing  protein-protein  interactions  were 
described  previously  (22,27,28).  The  yeast  strain  Y190  was 
co-transformed  with  pGBT9  and  pGADIO  constructs  as 
indicated  and  grown  on  SC  media  with  leucine  and  tryptophan 
dropped  out  and  with  2%  glucose.  P-Galactosidase  produc¬ 
tion  was  assayed  by  incubating  freeze-fractured  colonies  on 
nitrocellulose  in  Z-buffer  (60  mM  Na2HP04,  40  mM  NaH2P04, 
10  mM  KC1,  ImM  MgS04,  pH  7.0,  0.03  mM  p-mercaptoetha- 
nol  and  2.5  pM  X-gal)  at  37°C.  Liquid  assays  for 
P-galactosidase  were  conducted  by  incubating  yeast  extracted 
in  Z-buffer  and  5%  chloroform  with  0.6  mg/ml  o-nitrophenyl- 
beta-D-galactopyranoside  for  1  h.  Color  intensity  depends  on 
the  amount  of  P-galactosidase  present  and  is  measured 
spectrophotometrically  at  420  nm.  p-Galactosidase  units  — 
1000  x  [OD420/(OD60o  x  time  x  volume)]. 

Cell  lines 

The  Schwann-like  STS26T  cell  line  is  derived  from  a  human 
malignant  schwannoma  (56).  The  schwannomin-inducible  Tet- 
off  RT4  NF2.17  cell  line  was  described  previously  (15).  The 
schwannomin-inducible  Tet-off  STS26T  cell  line  was  generated 
by  using  the  RevTet-Off  vector  system  (Clontech)  as  follows: 
STS26T  cells  were  infected  with  retrovirus  made  from 
packaging  cell  line  PT67  stably  transfected  with  pRevTet-Off 
(G418,  Invitrogen).  Resistant  Tet-Off  STS26T  cells  were  then 
trypsinized,  diluted  40000  times  and  plated  in  three  96-well 
plates  (these  dilution  conditions  allowed  for  an  average  of  one 
cell  per  well).  After  cells  reached  confluency,  each  plate  was 
seeded  in  triplicate  [one  pair  of  plates  for  dox/no  dox 
comparisons,  grown  in  black  opaque  tissue  culture  plates 
(Greiner  Bio-One)  and  a  third  for  propagation  of  lines].  Each 
pair  of  plates  was  transiently  transfected  (Superfect,  Qiagen) 
with  pRevTRE-Luc  and  then  one  of  each  pair  was  treated  with 
doxycycline  and  the  other  with  no  doxycycline.  Luciferase  was 
detected  in  the  plates  using  a  6-detector  1450  Microbeta  Liquid 
Scintillation  Counter  (Perkin  Elmer)  with  coincidence  counting 
deactivated  and  Luciferase  Assay  Reagent  (Promega).  Of  the 
<288  lines  screened,  we  propagated  24  of  the  best  lines  and  we 
assayed  for  induction  of  transiently  transfected  pRevTRE-Luc 
activation  using  a  luminometer.  The  line  best  inducing  luciferase 
with  minimal  detected  reporter  leak  was  then  infected  by 
retrovirus  made  from  PT67  stably  selected  with  RevTRE-NF2il 
and  cells  were  placed  under  neomycin/hygromycin  B  selection 
(Invitrogen).  Forty-eight  colonies  of  Tet-off  STS26T  NF2i  1  cells 
were  collected  by  ring-cloning  and  tested  for  doxycycline 
inducible  schwannomin  expression  by  immunoblotting  with 
antibody  ab2781.  The  line  used  in  our  study  is  Tet-off  STS26T 
NF2il.F9.3  and  is  one  of  seven  retained. 

Immunofluorescence 

STS26T  cells  (30000  cells  per  well  in  four-well  slides)  were 
grown  in  DMEM  with  10%  FBS  overnight.  Cells  were  labeled 
for  immunofluorescence  as  previously  described  (22,57).  The 


primary  antibody  dilutions  were  5  pg/ml  anti-Stat3,  5  pg/ml 
anti-schwannomin  abl781,  or  1:500  dilution  anti-Xpress. 
Primary  antibodies  were  incubated  60  min  at  37°C.  For  the 
co-detection  of  Xpress-schwannomin  and  Stat3,  cells  were 
incubated  with  FITC-conjugated  affinity  purified  goat  anti¬ 
rabbit  IgG  or  rhodamine-conjugated  affinity  purified  goat  anti¬ 
mouse  IgG  for  1  h  at  room  temperature.  For  the  detection  of 
Stat3  in  RT4  NF2.17  cells,  cells  were  plated  on  poly-lysine- 
coated  cover  glasses  and  detected  using  rhodamine-conjugated 
affinity  purified  goat  anti-rabbit  IgG.  After  antibody  incuba¬ 
tions,  cells  were  washed  six  times  in  cold  DPBS  and  mounted. 
For  Figure  2A-F,  fluorescent  confocal  microscopy  was 
performed  using  a  Zeiss  LSM  310  confocal  microscope. 
Fluorescein  was  visualized  with  a  BP485/20/BP520-560 
excitation/emission  filter  set  (Zeiss  filter  set  17)  and  scanning 
was  done  with  a  488  nm  argon  laser  and  a  BP520-560  barrier 
filter.  Rhodamine  visualization  was  done  with  a  BP5 15-560/ 
LP590  excitation/emission  filter  set  (Zeiss  filter  set  15)  and 
scanning  performed  with  a  543  nm  HeNe  laser  and  an 
LP590nm  barrier  filter.  For  Figure  2G-J,  fluorescent  confocal 
microscopy  was  performed  using  a  Leica  TCS  SP  confocal 
microscope.  Rhodamine  was  excited  with  a  HeNe  laser  at 
568  nm  with  emission  set  to  a  range  of  596-671  nm. 

Proliferation  assays 

Proliferation  experiments  were  performed  after  an  overnight 
induction  in  1  pg/ml  doxycycline  after  a  24  h  serum  starvation 
period.  IGF-I  (100ng/ml)  or  HGF  (200ng/ml)  was  added  for 
the  4  h  thymidine  incorporation  period.  Thymidine  incorpora¬ 
tion  was  performed  as  previously  described  (47).  Each 
condition  was  performed  in  six  duplicate  wells. 

Stat  phosphorylation  assay 

For  the  analysis  of  Stat3  phosphorylation  in  Tet-off  STS26T 
NF2il  cells,  the  cells  were  equally-plated  in  DMEM  containing 
10%  FBS  prior  to  the  addition  of  100  pi  of  a  lOOx  solution  of 
doxycycline  (to  maintain  the  diluent  background,  the  dilution 
series  was  made  prior  to  the  addition).  After  two  days  induction 
cells  were  serum-starved  overnight  then  treated  with  50ng/ml 
IGF-I  for  1 0  min.  For  the  analysis  ofStat3  phosphorylation  in  Tet¬ 
on  RT4  NF2.17  cells,  the  cells  were  equally-plated  in  DMEM 
containing  1 0%  fetal  bovine  serum  (FBS)  prior  to  the  addition  of 
1  pg/ml  doxycycline  for  2, 4, 6  and  24  h.  For  the  analysis  of  Stat5 
in  Tet-on  RT4-NF2.17,  or  RT4-NF2.17(Q538P)  cells,  the  cells 
were  equally-plated  in  DMEM  containing  10%  FBS  prior  to  the 
addition  of  100  pi  of  a  1 00  x  solution  of  doxycycline  and 
incubated  for  24  h.  Cells  were  harvested  on  ice  in  Cell  Lysis 
Buffer  (Cell  Signaling  Technology)  and  equal  amounts  of  protein 
were  loaded  onto  4-15%  SDS-PAGE  gels  and  immunoblotting 
was  performed. 
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